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WITH THE INTENTION OF APPLYING A MATHEMATICAL THEORY OF
LEARNING TO SECOND LANGUAGE ACQUISITION, A TWO -PART
EXPERIMENT USING TWO SETS OF 20 STUDENTS WAS CONDUCTED AT
STANFORD UNIVERSITY. IN EXPERIMENT I THE SS (SUBJECTS) WERE
ASKED TO DISTINGUISH DIFFERENCE OR SAMENESS IN PAIRS OF
INITIAL RUSSIAN SYLLABLES. THESE 144 SYLLABLES WERE GROUPED
INTO CONTRASTING PAIRS DIFFERING,ONLY IN THE INITIAL
CONSONANT PHONEME. THESE CONTRASTS WERE THEN CLASSIFIED
ACCORDING TO EXPECTED DIFFICULTY OF DISCRIMINATION AND
PRODUCTION FOR AN AMERICAN WITH NO KNOWLEDGE OF RUSSIAN. THE
PAIRS OF SYLLABLES WERE PLAYED TO SS OVER A LOUDSPEAKER, AND
THE St WERE TOLD TO GIVE AN IMMEDIATE RESPONSE OF EITHER
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OF SUBJECTS AND STIMULUS MATERIAL. A LINGUISTIC
INTERPRETATION OF THE RESULTS INDICATES THAT - -(1) AN
ADDITIONAL PRESENTATION OF THE VOICED- VOICELESS CONTRASTS

MIGHT RESULT IN NEARLY PERFECT-IDENTIFICATION, AND THAT
PEDAGOGICALLY, REPEATED TRIALS ON THE SAME CONCEPT COULD BE
MORE EFFECTIVE THAN RANDOM PRESENTATION, (2) GENERALLY,
FRICATIVES ARE MORE EASILY DISTINGUISHED THAN STOPS, (3)
SUBJECTS HAD DIFFICULTY DISTINGUISHING BETWEEN VOICED AND
VOICELESS STOPS IN RUSSIAN, AND (4) MOST OF THE FINDINGS
FULFILL THE EXPECTATIONS RESULTING FROM A CONTRASTING
PHONEMIC ANALYSIS OF RUSSIAN AND ENGLISH. (FB)
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1. INTRODUCTION

ii"Teattnicil *art is the first it-a serteidetitlid iinjtie
stukies' eitAirtinti'to aMje second langnaie learning'

response theory.* It is the joint work of structural linguists andilithe-

matiialiiiogists.-
fftitir;- first Report is -cOnceiiiit

; - ,. ,
ot:Ruiiiiin'tonsonant'disoriminatiOnas pOeition

:deseribet- in- election' on ExPerimental Nethod,-tOgether ot
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eii"&i'l filiAi-L4ilii' ifirillierie''r".' WINO-;Usta*-- -- .-- -?:.

1-L1-41,40wilyviris
thbuWPrilnat

, t--
. ,

; - -.., ,

sidtion-whineiree'lt'letneC
4 1,1%; is;1;AA4

-;the most important aim of the study is to apply a mathematical

lea .t,o4e'c(4' have.

been P1acd Iii th sect±bflon _

b +s more acceitiibie to 1LJStS and 'Oilier' -reititeiriih&itieli6t'l

prtnarilitintereiiieit 1.tth featurecf the iork. r-7 , ;
;IQ,.

dOntains references of voikti.' ut1i1Zd in the Study,

"referen-ceii o ii
a' aid iatheiati&il learning theory': -For linguisti* ife

lrueriresearch reported herein was conducted pursuant, to con.tract.-BAN 9514
between Stanford University and the U.S. Office of Education, and was also
partially supported by a grant from the Carnegie Corporation of New York.
We wish to acknowledge the assistance of Elise Belenky in preparing and
conducting the experiment.
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Before turning to the details of the two experlment#

- e31 t to. 1114.f. P°Pe 844ition* Few*, EtirYk r

this series ,of, studies. Perhaps the aTet olmmation at

.purpose of,

Ovuti)t#e Pr!st1S4Lst17.V cameo interested. eees94,...404014°

tia*; AA}
piph detailed analpia

3, At
a,o1104 ace4i#ti. 14;s1001,?, dt AA). tr14,tlukt problems, of. ade..

-;990.4,4%V.A.P:Ilt:1?" PPP,11.1.4. ,Adg4t

lakeill Iti911117.

41POtttAteAtire
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> 641/ 1,11$4) 14,111k**4411144.f'-
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1111WWV:574.s,
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,0140eat $490eitfao Jr:h-is,a

ask- *at hope is there of being able to utieslaaWmo4e4fi.

*,14.40,-41#11,111:7-1W4hrt !31:1.01:Pr'f' 40111747',1#1.0;FPrnelri

Our-defense,is disarmingly simple. .itte do not in,faat
'11-,,j 7, `,"." , ,Z:Z.L -'0:;

14'FI4Mil.IPPlicatiOne,are
tmbe

,. '1,777 '77-) hilar!'" APPlications try
14# igAge. vire use.," ye4.attlreiy com,449ited. poncept fOrmation 4:N41:lents

Ixt:t4e4fibst,:Per or 'Or° otter,. gr°111148 11°r 1Y41A, but, it WU* to* us

much too far afield to outline ourpresent ideas and p#Iyap

At this Juncture we ,erre satin lect to 3Wit 9111*

simo, mate4.94,e144c.h is already,reliktive4 gOmPliest144n Ifith

the etina4us material used its mo10.;earilimgfxPer*ent,,.,

that we are more concerned to study quantitatively's, few fundamental

problems than-.to-;.produce Lney-pedagogica3.-materiall--Or:xesultsr.iotAnmediate

alums.= interest. 42-
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; tu4404-1141110h, fr, crawit' &DA *Qs YearVreneettraYlitz

Italian by one subject ,tho lived in Italy for six monthsdvilosterfeersAe

studied. French in high school and college, in addition to one quarter of

Spaisi. '6014"14,31 o those 10744 TAngs either P111:04 Or SP41411.64u high school, ,



heard at home were: Polish, Czech, Yiddish, Hebrew sad Spit** (ome subject
4 ,

each) and German (tvo subjects). Two subjects participated for two quarters

at Stanford in France. One subject stutters.

'Materials. A basic :Litt of RUssien sylliblits in phonemic 'treaseriPtion

vas constructed.' 'mere are 32 iüitial consonant phonemes (the 113ti indicates

pelataliZation): t,tj, c,eh,- k,° bi'bj; d,dj, t,f1,'

dip v,V3, sji th, *AL 1,13, 'tit; ;licit:44'

iyi'vair-hot. Used but 'ibe: phOflemi seitnenci Aral/ vet tfi01v lilt Cinitisted

of these consOmants and the .sequencep folloied by the.voVeiishOneikei''

-'11Xcl ICV '.631.1403.sei ( at 60rigalait' iAloved by

simgla vowel); whi-Oh."ari-exeeectintAy' redelf that ire 'Ali: such y13*àt,

some otwatitt are ffe32e 4(4640 niligo)-?'"i

Theee-.94 syllables'vere grouped-into pairelditter*
the isitiel-eOnsonant'phemesei. /belie contrasts -will ''

'Then the 'cottraiti

ordered. in tarsus of expected difficulty of discriiiinitiOh

fOr asrAmericoi subject with no lcflaWledge A itther'dieiciiii$'.on

of the sets appears in Experiment tr. The'4eita judied easi.ast 144 chOin

for Ilicperiment, T. The estimates were based on the iiniuititrie jUaiiiments of

relative difficulty of prontmeietion of the 'pairs, Since

information dome:rang difficulty of diseritifin Vie alaillkbi."':*

Are the -followixel .

.
Consonant contrast

voiceless : voiced plain fricatives 7r;;;-- : sh," 1 :
voiceless : voiced.plain stops /p b, d, k :



4e:

met* *tomtit-1k, 1Y-iteitiitesatti itiebiadd: iIà

0, 71t :-Sineettioi)ttiaigtuivtirlate

intllit All live" :were iaed vite*th 4% the otter

contrasts, -111/king-ii total of 16 CV-Conti/At. ci theise''26' ect A the

fortalCiVi yih 'the stint:tine itiets 'for-

the following: ianner IPOr eh contrast, -thei'taittintl

CiVi) od:Ceg

itWOPs1rssre c& pairisine4ktiteittiiktiiiii0lititef*

phonenev).eticti;-11theiti'Abiivoirefi *other =is

,'Isreatistirtoiw.paiire (.61104

trot is vatertect,..: ) as s xi 26J
need figftiiwisiint. -prite4gotaiibirt* ttetidatforisiikas

the first win be caned samie4i0-14iriiilind tliecV taftiliebitt
,:,,,

- 7,-;:iieriond liesitwo*atiftlt Sylailblii fdifferent-Mittlii:etifetiz

42.-444greftritAtthrtirt*:vittif401$1,4111; iiiiCatittitlit'AOttiftit Ov:

vtniel'ittOniiitt; ancti*-IiiiiniiitiOnat,

votrtiit. -7::1`t iituttlittlxiiiO Iii-ier

that:ItiVallophobee or itheett"iroilels' differ

consonant. In the case of /a, e, o, u/ the different alloAciles liiiiii*Lich

:4311 * U-Roglialpeakeril.: But tthe ali.ophonio-"iiariatiOint Of'ft'aie'

presentation to the subject were Constructed Is folly;

day: three ;randanizations oitthe .order of e

For the second day, three new randomizations were made l'Or the final three



days, the pairs judged. (on the baste of pilot:<arrldence, Ewa on ,linguistic

grounds), to -be too easy for further experimentatiOn) were eliminated. The

20Ip : bi, 20 it d/ and 12 /k : g/ pairs were retained. Six randomiza-

tions of these 52 pairs were ,prepared for each of the last three days'

material. One randomization of the mars will be called, a list. Lists

1-6 constituted the material for.daye 1-2, and Lists 7-24 for days 3-5.

Recordings. High quality tape recordings of the 211 lists of CV pairs

were, made in a.heayi1,y.soundrproofed room in the Division, of Speech Pathology

and. ,,,Audio.lpgyvlaboratory at the Stanford Medical School.V: Recordings

Vere.23,44,911.scote4 43, toe t 7.5 :inchev Per second using a boota-mounted

Allt,t14,41.01 11c4.e.-.071te* PA. tin A3Velc 351,0terea tape recorder.

AtorOpitane :was, placed at a digtancte,, of 44x, t. and.. at an angle or:1159 frau

theniMikk5e8.:34.14 in order t9.14;v9id:.04xitt.341.01;0_,*

Mut phonatlAupeak syiablea,was abovo. a'ainlamm-V.0 leading.

No attempt wak made to equatephonatic pep; :thatead.,1" oparatt$!#h

natural. difference An vowel energy. TheL.A4YelS, Once established, were not

4epsed during the course of the recewaing.. All,Tecorded,itelas (the: CV Pairs)

were selfrapproved by the native speaker o Russian and by the monitoriNt

linguist.

The native speaker lived in a Russian-epeaking envlronment,:frcm birth

(1906) until settlement in the United States in 1928 and has spoken .Russian

daily throughout her life. Her father was born in Moscow and her mother

in Vladivostok. She has lived in both cities, and is from an upper ssocio-

econcmic backgrotind. She xeceived her secondary education in Russia, and

.01

2../ We wish to acknowledge the assistance of the Speech Pathology and
Audiology laboratory staff, and particularly the invaluable help
of Professor Dorothy Ihintington.

-6-
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.11,73114310A: !NIVANO rnagew eads-ItelebatO4Edq 7

Apperatus. The recorded material was played. back.

Model 262131a. For playing, the highest possible volume setting wart used

which still kept the sOund free from distortion. The tome vu annwriately
. -

adjusted. The volume and tone settings were the sane for all subjects.
, 1 .

The other piece of equionent vh.:.ch consisted of a 75-watt 1 fitted with

a 1-In. diameter green reflector mounted. on an 11-in.:x
- '>- _ 14...f'

black metal box permitted the experimenter to deliver a
..

f:...d ---,4,1- ..,:.7,-.S. ..,,, :1 fi-- z:-; 1.).,.. '7,-2:- r,:c.: -:::., ,*- 2. .::-. --C.; 4...,x:-:.,41,- il,',.,,,,..0,..i:7: ... 17_ ,. . .

the mOjact'-after eacb. incorrect response, The _leap was .-1420Xit:that: eil,,,
.. _-

---,---.:-",-:. -4rA.:;"--;e-ikk-1 -::::-.39-ri-..-i ...__,:i _MI; offx.r. a±t1-''''--t-,:i.-% %:- -,:1' .t,le--;t4' ihilll. --jNfl frefitv-4q- v4-it-A

the experimenter pressed a -simple dooebell-type butteix.- --AnOtbti:......_ . , ,

I _:.1....--.,,,:::----r---..:,-,z- .(--,,....' - .1-,:-,Nt,-: 4174_4.5?. -04,t 1-c1 .,,A,1,-,,

equipped with the identical eqetilMent, and two Sub3ectS iii0-- rm
.... ..---.....

, _ ,..,; ,.,-..i.- .,...., .-) . ' .'--( rli .r.--t7rtics---;"--.:,,;;L:r-, --4.r.W Var6 --:::"V.1- ;.1 7-.. '..'f,:?;.-f-'; -. -- tA >1. ..t.-Ns .- ,
.currently, one in each rota.

::-::.-1-FC,:%::2_.-Zi f:-..; -.:,---, :.,-,,;.,,..ta i 7;,.:.-4 :J.-L:Z- -fA:Li- $..<;`,..c,. ._

Procedure. The eub5ect was seated facing the Stiny speaker . ;

t7. ;:-..,33.1...,,-- 4-,J- rt,a-:::-..:!-,, .z.-;---1 -..;.--_-;,-.:;,5-,:i..-fq-,,-..-i ,-If;i1:1;::-1..-__,:i.-,..'It,-1;:tf)-f,,,_, ,i.,4.-t:V:z,,, _-

distance of six feet. First he caspleted a written quilitionnaire -Pertisining
------- N..-- -..; -- -.-: ------,. --,!..-;-....43 ',.."--1.--:::',`--,:.' Li. :,:r.i.-- "?-..--I;;.;;,-; --4-:,,-_,...-.1 _ .

to his 'background in foreign laaguages. Then the follOiiing -insitiguettitsui-

recorded by a native' American linguist vire pleved. over the r
You wi-ll now bear 104 pairs of syllables, one pair at a-time. Each _

Joe, =owed poise. zeatefilliretaiesiclr--i
pair of syllables. Decide whether the two syllables are..-the sate

4114,1141,xem_itii _,-If-they 14.0324 the :se, .s"stme":.
different, say "different". Answer each time, even ihen you are
Afft 411 you :are wrong,-: -.,the. green _light_ will Ili* 442111'
light flash vas demonstrated). If you are right, there will- be

Next,_ the subject was asked.if he.had any questions about- the procedure.
-

questions were answered by paraphrasing the appropriate portion_of the-

instrugtions. .

Next, the CV pairs were plays I one at a time over the-sloudepeaker

_7_



The rate of presentation was 14 pairs per minute, with a .3-sec. peuSe between

pairs. The presentation p1asCeim41WWWVIiitheMt iiiMptlanta04Wallilpeire

ih2beeurëaentsd. ':

Experiment II

Only the changes from Experiment I viLl. be noted. The method of
, . -

Experiment II differed. from that of Experiment I in the selection of sub-,.

Sects and stimulus material.
_7, .

Sub ects. Twenty Stanford University students, eight frman lntroa
-3Wif

ductory logic class, and twelve yho were secured through the employment
-"--

erewbureau, served as subjects. Only students vh all not speak -1411110isti

-eligible for the experiment. As in Experiment I, each subject appeared for
412; rit

one-half hour daily for five consecutive days and received $6.00 for par-

ticipating in the experiment. The subjects language background in
...;;-1 Ve;-sfi ':tr '1;3

3 - : at,

experiment did.not differ appreciabl,y from those in the previous experiment.

Seven subjects had studied Latin 'in high school for two to three years, and
3

some of them continued the language at the University. In addition all
, .

seven had taken a modern language in high school and. college. French was

thethern languege :studied.. b7 st (eleven) ,- -followed *by :Spanish-TeilgittYand.
'11.1,611:

GermanjeevanYi German was -started by three sub-jedts for one -'ittierter only

at the Uni ty; :tWo studied. Greek, and. on studied Italian-in-addition

- '

to spending six months at Stanford-in-Italy. In regard to language back-

, . ground at how, one subject spoke Spanish frequently end -another Hungarian

occasionally.-

Materials. Again the stimulus items were CV pairs. The contrasts

having the highest error rate in Experiment I were retained, that is, the

-8-



';'..fltg4LA pcci-1;in.eq_.8
nd it : di combined with all vowel phonemSN ,

IO1 a4a-AI roll

ii, : bi aes and pc 4/with
's

fa, u,'.
2.11% ,tz5,1..r1

In order to determine vhich contrasts were most difficult, and

hence of greatest experimental Intete'ityi-i4o pilot studies vere run.

;40CPPtraPt-8:13FfseRtS, -114!1*11*. 4144_14. P144-11:11:0014044444

1)-49;1, rir.44 _144. -/oN PAI- Pm. 0910401a, :448 akinutafkr Poe ok"

se' 4..A PP!!!2c143i -!01

4 48 aPreA: 1144. - 4-, . 4101:1 44041* 14

or4mly of difficulty Itas scesevhs,t dgfeint qua vhatts otkoiton.141 siexikot_qh
, ..

thrt:11t.,_. 4 g:, el/4A_ f.Pf , .f . . I A - .... :0119_141,;"' Me' Acice...-4i... ...111144.4411114., .. -1-: r.. a#,..: -1014t. ,e4.
4 killtrait 1.- gif A

cated by Ex4!4 t p.ot stP410a Fem. Pilecte44446.41010

merit
-

Of the plain : palat4ise4--contrasts -the voiceless and voiced

11.14141ta_vereehoAen./..L: .z.,,.:__zji....in,..addition_to.441,:,_4,1, m,avitt,

andLith71. 34/1-A1:1; of thei vifiL &abided 4M-117

littersile Vete

Friiiatifie iffrieftte contraits: iteiet

that,46, foth'._COofbined. vith- Vowel Ithohitelf.

;fricative- vas- alto us' ea; nameli,'- lairingt al
of 25- Sets -6f =4-doneeptif or 10W-teirs:= The 52 paiiii-'41call

ndleatedl,to be easiest were elimineted'iifter:Day

4

presented on allfive-da*s-vere the /k-:'

pairs, These contrasts included 4, 4: 20 and 20 paire,"rispeciii;*;

fike.,s;

L



3. ZXPERDIMITAL RISUTILIS

The res ts for the tun experlients are presented sepaFatelys
; , C: .; .1:

speaking, we first give the analysis of item difficulty and then turn to

group and individual learning data.

-,jcez'1n I

ccineOniiit diacriminatiOns,. sble 1 indicates

the Airf-joilt41-of the *ire -cleeelfied 'according to 'their- vo411 EitCCOn-;

sonant members. For example, the eirtisi'-otiO6 at the liiteriaktioit the e'

tiffilos and th icliircolumn;li. the proportion- of errors -over presen-

. - 4' ;uof ft, tà. *iv val

- 1.tt the -tulle- Tiiileate- that tertaiitt'V4OitiiPti gale rattii- ok'f.

i.`--not- pre. Sit nted in' VE'

TT

DaDtf...v

L.

Talgerl allranke4 ffP iterro are or Increasing difficlaftir4.41eell1na-

train 1,44.R.T411ht f.T9n.t0P491P.F.tt9111.-,.. ;.The-P9XPiPtindex9w.wopPrgons

were colaputed from the overe1.1.1requencyj of :exror4 on the -ocnoopank2dis

, ;Ar414019p.--_,-Pr__rwel,indipated: it4Ube ,recalled,:. Ont mq; Alvi or

.1304.8.. were. p4stacnted with the_. Towels /0/ :or.---/i/s that . .7 --

"easy" pair type thoseliatedin tive first three- rows, of. the ta40,)cwere

present only in Xista- For 47concgpts_ prese0ed, in.lists_1116 only*

each entry is based on.1030 observations_ (4 pairs x 20 subjects-x

Similarly, for 4.conceptspresented in all 24 lists, each entry is based

cr. 1:vr20observaticas. .

The table show* the following order of discrimination of consonant



TABLE 1

Proportion of Errors in Experiment I on Each Set of Your Pairs

which Present the Same Consonant Contrast and Contain

the Same Vowel'

1 The proportions are based on Lists 1-6 data for pairs presented only
in Lists 1-6. and on Lists 7-24 data for pairs presented ca all 24

lists.
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t- -

rFa

pairs, here listed in ascending order of difficulty: /f vp s : zp
.

sh zh, k g, t d, p b/. As for the vowels, /a/ is the easiest,

followed by /e, o, u/ which are of about equal difficulty, and ii/ which

is the most difficult. Two analyses of variance were performed to deter-

mine (a) whether the consonants differed significantly from one another

in difficulty, and (b) whether the vowels differed significantly from

one another in difficulty.

The first analysis of variance involved the data from Lists 1-6 for

the /a, ol_u/ vowels and all consonants. Hence it was a 6 consonants
-1

x 3 vowels x 20 subjects design. The consonant x vowel x subject mean

square was taken as the error term in the computations of F. As Table

2 shows, all the main effects and two-way interactions significant,

indicating reliable inter-consonant and inter-vowel differences in
.

difficulty.

The second analysis of variance used the data of Lists 1-24 from the
'-`

/t d/ and /p b/ pairs with the vowels /e/ and ,/i/. The results,

given in Table 3, indicate significant difference in difficulty between

/t d/ and /p b/. From Table 1, it may be seen that It was easier

than /p b/. The variance attributable to vowels (/e/ and /1/ in Table 3)

was not significant; hence, they appear to be of about equal difficulty

in the present case.

Insert Tables 2 and 3 about here

Relative difficulty of s and d pairs. We now ask whether a pair is.1 im
more difficult when the correct judgment is "different" (d) than when the

-11-



correct judgment is "same" (a). Table 4 affirms that detection of the

=

difference Xtien the two members of the pair contain different consonants

is the more difficult task. For the s pairs, the error bates in Lists

1-6 and 7-24 were .041 and .030, respectively, while the corresponding

figures for the d pairs were .075 and 0.34. A sign test in which the

total number of errors on s pairs by a given subject was paired with his

total on the d pairi was significant at the .01 level on Lists 1:40 but

was not significant on Lists 7-24 data, On /k g/ pairs, 63.4% of the

;

errors were "s" responses to d pairs. The corresponding figures for

,
It d and /p b/ were 63.2% and 62.2f, respectively,

. 4

ImMINNIpmillImmopollpwwwwww41111/

, _

Insert Table 4 about here

"1'.:Y". 7 Cf '

The errors on the d pairs were classified according to whether the

voiced phonemes /g, d, b/ appeared in the first or second syllable of the

;,-1' -4 _

pair: Cases where the voiced phonemes appeared in the first nyllable

tr,
comprised 65.0%, 66.3% and 55.2% of the /k g, /t:: d/ and /p b/

errors on d pairs, respectively (N the number of observations was 123,

264, and 375, respectively).

-
,

Learning. The proportion of errors over all subjects and pairs

decreased from .11 in the first list to .02 in the last list of the

experiment. These proportions were computed for sets of three successive

fists and-appear iiilrable5: The diViaion 'between the -dailiAiessiOns

occurred after Lists 3, 6, 12 and 18. Since no abrupt increase in errors
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Vowels x Consonants x Subjects Analysis of
--

Variance in Total. Errors on Lists 1-6 in Experiment I

s,7

Mean Square F

4.8o

62.93

35 72 9Q

Ti 32 4.64

.93
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TABLE 3

Vowels x Consonants x Subjects Analysis of
-7;

Variance in Total Errors on Lists 144 in Experiment I
6-1 .;1;0.j ,

Source of Variance 4. f.

Vowels

Consigents

Subjeitti
Vowelale Consonants V

Vbge1011 x Subjects

Consbiants x Stibjedis,

Voweis,X Consonantvx-SUbjects

1

1

19

19

19

19

Mew Square

3.1? n . .

159.61 <.01

34.20

2.81 <.01

6.53
U.S.

5:39:



Proportiots of Errors for Pairs Consisting of Two d

Syllables and for Pairs Consisting of Two s Syllables in Experiment I



.t4 ,Om

,

occurred when the "easy" pairs were eliminated (after List 6) it seems

#t-1 40,

5.5.F '55 ',M1,7,4

SSc

, , r 41-

Insert Table 5 about here

..mmmlmftlmmbsiOmmoWwOhm

=,

that the learning of the difficult diecriminitions piogresiedliteadilk;

1Joi,.- 0.

albeit siowli. *ram TMbie 4, it is clear tht'it'iost' cif ifieieiinine''

"Veetteretterithird-parar:-A-sign inithich-

d pairs in Lists 1-6 tOr a igilien.suWeet was paired with his proportion'

- 4' 44.4.- 444,40.4.44, 444*0',4

in Lists 7-24, was significant at the .01 level, indicating that learning

tfr 10, 041',.,LI: .q ;tr,' s't ,

had occurred. A similarly computed sign test on the s pairs. vaS also

ill..14,,btto nt :

significant indicatingthe .01 level, inaicatithai learning of tie s pairs

also taking plisCe, oven though the initial error rate vas quite-small.

\021 e : A' .

Beciuse Of the lOi initial irror rate,' leirning data ieri hot

subjected to further analysis. For the same reason, no atteligit was made

\d '1) ;' \;-

to apply Mathematical models to the data, since a sensitive"diserimihation

:

among models cannot be made in the absence of suffictient'erroks.

C r!
Error rates on the zla presented in pilot studies. Appendix

..

lists the proportion of errors for each type of pair presented in the

two pilot experiments intervening between Experiments I and II. (For the

first pilot study, the proportions are based on a total of 1872 Obserifi-

, ,

tions from six subjects, while the nuMber of observations from each of

nine subjects in the second pilot study was 72 per 4-concept. The

proportion of errors was highest (.28) for the 4-concept consisting of

the /so : too/ pairs, and varied between .17 and .00 for the other

4 -concepts.

-13-
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Experiment II

Relative difficulty of consonant discriminations. Table 6 classifies

the pairs of syllables according to their vowel member for each set of

pairs that present the same consonant contrast and indicates the propor-

tion of errors for each class. The rows and columns of Table 6 are ordered

in terms of increasing difficulty of pairs in Lists 1 -6, readingrom

Insert Table 6 about here

top to bottom and from left to right. The Lists 1-6 column of Table 6

shows that the order of difficulty, here listed in ascending order, is the

following: ,(1) the fricative-stop contrast, /k : x/; (2) the plain-

palatalized contrasts /d dj /, /1 : 1j/, /n nj /, /z /8 au/;

(3) the stop contrast jk g/; (4) the fricative-affricate .contrast

is is /; (5) the dental and labial stop contrasts /t d/ and /p b/.

The /p /t d/ and /k g/ pairs exhibit the same order of

relative difficulty as obtained in Experiment I. In fact, it is instructive

to compare the error rates in Lists 1-6 for the items that appeared in both

Experiments I and II. For the /t d/ items the error rate of .077 in

Experiment I contrasts with the .220 value obtained in Experiment II.

Likewise, the proportions of errors on /p b/ items are .139 and .222

in Experiments I and II, respectively. For the /k g/ pairs, the cor-

responding figures are .067 and .117. The proportions of errors on the

/k x/ and /z : zj/ pairs are relatively low compared to what one would

expect from the pilot data, although for the /z zj/ pairs the error
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TABLE 6

Proportion of Errors on Each Set of FourPtirs

which Present the Same Consonant Contrast and Contain

the Same Vowell - Experiment II

Vowel Mean, Lists

Consonant
Contrast /a/ /i/ /u/ /e/ /0/ 1-6 7-24 1-24

2/ 4 4j/ - .019 - - ...
;'/

.019 - -

A:: 4 .. .018 . - - .033 .013 .018

/:",,.1j/ .050 .046 - - - .049 .

/i hj/ - .056 - -
,.... A

.056 . .

,

/1: 1 ii/ - .085 : . -
,

- .067. :085

/0 -,: ii/ - .104:- . - `':k. .104 -

/k : g/ .060

/s :ts/ .142

jt : d/ .131

fp : b/ .119

Mean, Lists

1-6 .108

7-24 .124

1-24 .117

- .142 - .148

.204 .104 .166 .146

.283 .165 .238 .281

.219 .151 .141 .179

.139 .151 1.192 .210

.115 .118
1.148

.149

.125 .131 .163 .173

.117 -

.168 .147 .152

.220

.222 .140 .162

1 The proportions are based on Lists 1-6 data for pairs presented only in
Lists 1-6, and on Lists 7-24 data for pairs presented in all 24 lists.



rate increased frOm Lists 1-6 to Lists 7.24.

An items x subjects analysis of variance was performed-on the eats

1-6'plain-palatalized items. Both the concepts and subjects sources of

variance were significant at beyond the -001 level (ftble 7) indicating

signiti:ant inter-concept and inter-subject differences.

If we (fudge the relative difficulty of the vowels on the basis 'of

all the pairs-presented (Lists 1-24 data) the vowels ranked in-order cr

increasing difficult are: /a, i, u, e, o/. Note .theitl- as in Expeiiient

I, the stops preceding /1/ are difficult. Table .8 Vresints`the

Otihe: Litits-1-61antlisia of 'veirisiiice for- each::Of the:consoriaintals ts/,

It di b/ Frith each of the- *O4els fa e, 1,

effecter 'and' twoi-WaY'interactions tire -highly. significant.

Insert Tables 7 and 8 about here

--As, in Experiment I, the number of errors--on- voiceless :- voiced

and on voiced : voiceless 'd- pears were 'compared. For /p b, ft d/

and 54. 60. 5%-iind 66.7% respectively of 'the total errors on' d

pairs Occurred on voiced : voiceless pairs. The table ilitii-dhavi that

voiceless S pairs are harder than voiced s pairs. Ccmbiliing 'Mill !With' the

previOus 'finding, and without offering an interpretation, lire- say 'that

pairs whose second syllable is voiceless are harder than pairs -4hose.

second syllable is voiced. Also, _65.9% of the errore _on fs ts/ d pairs

occurred when /s/ was first. A-regularity which undoubtedly is related

to this order effect is that a pairs involving either /s/ or lb/ yielded

15-



consistently more errors than s pairs involving either /ts/ or /p/

respectively!

We turn now to the effects of the vowels on consonant discrimination.

The relevant data here are the column entries for a given row of Table 6.

The order of difficulty generally agrees with that found in Experiment I,

since pairs containing /i/ are most difficult, and those containing /a/

are easiest. However, while the pairs containing /o, e, u/ were of equal

difficulty in Experiment I, the /u/ pairs in the /p b/ and It : 4/

4- concepts appear to be relatively easier this time.

Proportion of errors computed over all !Alb4ects, and mars for each

list. Figure 1 shows the mean learning curve. For the first six lists,

each data point represents two thousand observations; for the last 18,

lists, each point represents 1,040 observations. We note that nearly

all of the reduction in'errors occurred between Lists 1-6 and between

Lists .15-24. Also, it is interesting to note that the curve appears to1.1.wwwro11
Insert( Fig.',1 about here

be .approaching an asymptotic proportion of errors which is definitely

greater than zero (about .10). In the analyses immediately following,

the learning curves are considered separately for each of the various

categories of pairs.

Relative difficulty of s and d pairs. When the data for those pairs
41M. 600.NIMM

whose correct response is "same" are tallied separately from those for

which the correct response is "different", trends indicated in Table 9

-16-



TABLE 7

Analysis of Variance '14-CoticePtsi x Subjects

aource of Variance

Experiment II

d. f. Mean Square

4-concepts 5 8.27

Sdbjects 19 4.48

4-Concepts x Subjects 95 1.26

4p < .001

F



TABLE fir$.

Vowels,x Consonants,x-Sdbjects Analysis of

Variance in Total Errors on Lists 1-6. Experiment II

Source of Variance d.f. Mean Square F

Vowels 4 169.16 53.33++

Consonants 2 63.74 20.10++

Subjects 19 53.31 16.8i++

Vowels x Consonants 8 17.60 5.55++

Vowels x Subjects 76 5.84 1.84+

Consonants x Subjects 38 15.56 4.90++

Vowels x Consonants x Subjects 152 3.17

+
p < .001

++
< .001



emerge. As one would- anticipate from the preceding analYisis, the decline

in' errors is rather slight. For the-a pairs, the.ptOportion of errors

fell from .081 in Lists 1-6 to .071 in Lists- 7-24: On the corresponding

lists, the proportion' of errors on -d pairs dropped' from .221 to .186.' In

agreement with. Experiment I, most of the 'improvement occurs on the d

Insert' Table 9 about here

even though' there 'is more' room for improvement on's' pairs in= the

..,experiment than. in .Experiment compare,.. the.. performance .on. the,. s

and d pairs which appeared'in Used in-the experiment, two sign

teats' Were- run. Plitt of all, When the number of-errorrly'a given-

Ubject 'bn' the' a' and 'A items' Were paired; (Yielding; twenty- pairis);

d'pairit ;Prikied. to-be significantly` more difficult: For LiSti114,-4.1id

again for Lists 7-24, the differenCe was signitiCant at the .01' leitel,c-'

To 'ascertain 'whether there was any significant inrprairement On"Lists 7-24

fioni Lista' 1 -6, a sigit test was run on the `s' pairs, and another' on the d

pairs. Each subject's proportion correct in the earlier lists was paired

with hie proportiOn in the later lists,. .kor the' .s pairs, the difference

in proportion correct between Lists 1-6 and Lists 7-24 was not significant.

For, the td pairs, 17 diff erences. were in one direction, indicating signi-

ficant improvement (p <

Proportions of errors-for ;Airs*, classified 1)y consonants or lat vowel.

By' comparing the sixth' and seventh columns. on Table 6, it may be Seen"'

that improvement occurred on all, tilOSe consonant contrasts which appeared

-17-



on all 24 lists, except for the /z zj/ pairs. Likewise, comparison of

the next to last row with the preceding row reveals improvement on pairs

containing vowels other than /a/. When the proportions are computed

over only the /p b/ and /s ts/ pairs (to allow for differential elim-

ination of certain vowels in the selection of pairs for Lists 7-24),

improvement is indicated for the /a/ pairs also. Figure 2 gives the plot

of the proportion of errors in sets of six successive lists for the pairs

which appeared in all lists. Each data point is based on 2,400 obser-

vations for the /s ts/ and /p b/ pairs, and on 480 observations_ for

Insert Fig. 2 about here

the /k x/ and /z zj/ pairs. A comparison of the /8-: ts/ and /p, b/

curves reveals no difference in the initial level, of learning (Lists 14)

but a wide difference iu learning rate.

Table 10 presents a more detailed breakdown of the learning data.

The /k x/ pairs were excluded from this tabulation of the proportion of

errors over sets of six successive lists, since the proportiops were

negligible for these pairs. The proportions for the /z zj/ pairs are

based on 120 observations. The proportions for.the other pairs are based

Insert Table 10 about here

on 600 observations each. Among the pairs involving fp b/ and /s : ts/

it is clear that the s pairs are easier than the d pairs. In the absence

-18-
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Proportion of Errors..for.s and d. Pairs

-.All Items in Exp. Items appearing
Lists all lists

Type 1-6 7-24 1-24 1-6

..... .081 .071 .075 , , .085

d .223 .186 , .201 .259 y,
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TABIZ

Proportions of Errors on Various Types of Pairs on Sets

of. Six Successive Lists

Type Lists

/b : b/

ib : p/

/p.: b/

/p : p/

All /b, p/

/8 : 8/

/s : ts/

As : s/

/ts : ts/

A11 Is, ts/

/zi : zi/

/zi : zji/

/zji : zi/

/zji : zji/

malz, zj/

All items.

1-6 7-12 13-18 19-24

.068 .037 .047 .032

.447 .313 .287 .158

.210 .183 .173' .090

.162 .143 .133 .080

.222 .169 .160 090

.075 .085 .108 .102

.337 .368 .275 .262

.200 .188 .137 .118

.058 .043 045 .033

.168 .171 .141 .129

.067 .067 .175 .100

.033 .100 .042 .008

.125 .125 .233 .075

.042 .050 .092 .033

067 .085 .135 .054

.183 .163 .149 .104

The /k g/ and /t d/ items were presented only in Lists 1-6.

The proportions of errors were /g g/ - .039, /g k/ - 272,

/k g/ .097, /k : k/ - .057, /d d/ - .068, /d : t/ - .460,

/t d/ - .215, and /t t/ - .137.
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DAY

Fig. 1 Proportion of errors, calculated over all subjects and items, for each list on each day
of the experiment
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Fig. 2 Proportion of errors for each of the Item types which
appeared in all experimental lists.
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Figs, 5, 6 Proportion of errors by individual subjects on each set of three successive lists.
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of statictical analyses, we may roughly say that.learning is seen 'clearly

on all four-pair types involving /p b/, only on the /s ts/ d pairs,

and it is not appreciable on the /z zj/ pairs.

Individual learning curves. Figures 3-7 display the pkoportion of

ertors.computed over sets of three successive lists for each subject.

From inspection, it appears that there are considerable inter- subject

differences in the forms of the learning curves. A systematic interpre-

tation of these data will be deferred until after the mathemaMal models

have been presented in 'the next section. Table 11 gives the proportion

of errors; computed across "all lists, for all stibjects: It is clear

Insert Figs. 3-Tabout here

that there are substantial individual differences in discrimination''

Insert Table's 11 and 12 about here

proficiency. The proportion of errors for individual subjects ranged"

from ,041'to .278. Table 12 gives the resultS of the cCOPOtations of

mean and variance in total errors for subjects in 25th; 50th,' 75th and

200th petcentiles in total errors.

Tests ofreasssindependence. = The fist analysis sought to aster -

taro if the probability of a correct response was independent of the

correctness of the response to the immediately prey ding pair. There-

fore, the probability of -61 correct response to a pair, given an incorrect

-19-



response on the Immediately preceding pair, was compared with the proba-

bility of a correct response, given a correct response to the preceding 7..

pair. One shortcoming of this independence test is that the proportion

of correct following incorrect is computed largely from the slow learners,

difficult pairs, and early stages of learning, while the proportion of

correct after correct is based largely on the fast learners, easy pairs,

and later stages of learning, An: attempt to minimize this bias was. made

by computing-the proportions separately for each. subject- and for each

quartile of trials- before the trial of last error.- Appendix D gives

the -individual conditional proportions_ for each quartile, as Well -as the

means over subjects. The p(correctl correct) entries are based on an

average N of 50.5 while the average N, for: p(correcti incorrect) is 328.

The mean proportion- -of- correct- following-correct-exceeds- -the mean-pro.,

portion pia- correct following .incorrect_ by .048, :.007, .005 and :. -.004 im

the first, second, third and fourth quartiles, respectively. After

pairing the two conditional .proportions 'for each subject,z.a sign test

__ was run on -the data of- each quartile. The -difference -is_ significant at

the .01, leve:...for the first: quartile,and not significant thereafter.

Thus, the probability of a correct response appears to be. independent of

the correctness of the preceding response after the fiz'st, quartile.

The hypothesis that the response is independent of the immediately

preceding pair type (s or d) was tested next, Since the reinforcement

after each response informs the subject as to whether an s or d item had

been presented, we in effect tested the assumption ,that the response is

independent of the preceding reinforcement. The data from all subjects

-20-



TABUS 11

Overall Proportion of Errors for Each Subject in, Experiment II

Subject p(Error)

19 .278

13 .267

17 .207

2 .194

3 .193

1 .3.80

7 .148

15 .146

18 .135

14 .133

Subject p(Error)

. 20 .124

,
9 .101

11 .098

5 .o98

16 .089

10 .067

8 .055

6 .052

12 .042

4 .043.
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TABUS 12

Total Errors by Subjects at Different PerformanCe LMrtii"

Subjects' Total Errors
Percentile in
Total Errors Mean Variance

0-100
1

159.6

75-100 56.4

50-75 116.6

25-50 172.0

0-25 293.4

1
This percentile range includes all subjects.

8338.50

100.68

217.04

553.20

1934.64



were pooled and four & were computed. The first two were chi- square

independence tests computed for the case where the pair on the present

(not preceding) trial was an s pair, one from the Lists 1-6 data and

another from the Lists 7-24 data. In like manner, two X2s were com-

puted for the case where the pair on the present trial was a d pair.

Table 13 gives the chi-square values obtained under the four conditions.

Neither of the X2s on the Lists 1-6 data are statistically significant,

although. both approach significance. On the other hand, for Liats 7,24,

Insert Table 13 about here

responses,to the s pairs are dependent.on the pair type presented on the

Weceding trial. Ce = 6.173, d. f. = 1, .01 < p < .02). ,A comparison

of Vae observed and theoretical frequencies from which the significant

XF was computed revealed that the observed frequency of correct response

on-an ,s pair, given an 0 pair on the preceding trial, exceeded the predicted

frequency. Hence, by necessity the observed frequency of correct responses

on an .s pair, given a d pair on the preceding trial, fell short of the

predicted frequency.

Analysis of variance of item and subject, differences. First we ask

whether the variance in total errors is due primarily to inter-subject

differences or to differences in difficulty of various 4-concepts. To,

answer this question, a 20 subjects x 12 "hard" 4-concept analysis of

variance was run0.in which each cell entry represented the total errors

on a given 4-concept by a given subject.

-21-
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due to each source is significant (p < .001). Therefore both the inter-

subject and inter-concept differences are considerable. A second analysis

represents one of the preliminary attempts to determine whether the lin-

guistically defined concepts are responded to "as units". That is, if

the /p b/ pairs, for example, contain.common cues which are a basis

Insert Table 14 about here

for including all of them in the same concept, one might expect some

"transfer" between learning one subset of /p b/ pairs and learning of

another /p b/ subset. It seems natural to choose as the subsets of

each 20-concept the 4-concepts included in the particular 20-concept.

(w recall that there are five 4-concepts included in the /p b/ concept,

since the /p b/ pairs mey appear with any of the five vowel phonemes.

Likewise, there are five 4-concepts included in the /s ts/ concept. The

data for the /k x/ and /z zj/ pairs are less appropriate to the analy-

siis, since each type includes or-Ey-the 4- concept involving the vowel /i/).

It seems that a rough index of "transfer" across4-concepts within the

same 20-concept may be obtained by comparing the correlations between

total errors by a subject on, one 4-concept and another. A correlation

coefficient for each pair of 4-concepts was computed by matching each

subject's total errors on one 4-concept with his total errors on the

other 4-concept.

Table 15 presents the correlations between the number of errors on

each pair of 4-concepts, and the mean and standard deviation of the

-22-



TABU 13

Values of 'e Obtained in Tests of Hypothesis that the

Response on Trial n is Independent of the Type of

Item Presented on Trial n - 1

Item Type on Lists

Trial n 1-6 7-24

6.17t*

3.66+ 0.92

.05 < p < .10

++
.01 < p < .02
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TABil 14

Analysis of Variance - Hard 4-Concepts x Subjects; Lists 1-24

Source of Variation d.f. Mean Square F

4-Concepts 11 530.34 10.36+

Subjects 19 731.45 14.29+

4-Concepts x Subjects AY9 51.17

+p < .001



14,47,
sAlt-

number of errors on each concept. The coeffic;pento range between .135

and. .967. The entries enclosed by die . same triangle represent correlations

between pairs of 4-concepts included in the same 20-concept The table

Insert Table 15 about here

reveals that, without exception, the, correlations . total. errors

onpairs k-concepts are higher when the .47concepts are. inc3tude.d.. in the

.,eame..207concept,than when the two. 4-concepts are from 4ifferellt;.?q,g91;77,-r:

cepts, _For the ./s ts/ pairs, the intercorrelations,,are,.r. ,markablor high

(.792-967), ..A1Teas t4e,maximum,corre4tionl)etifeepaula,:,tal !k7consapt

ts/ 47concept.is These high intercorrelatiops within

a 20- concept contrast with the much , correlations, between.l.tota1 errrs

on /pb/;1214,./s : ts/.47concepts which involve the same Towel phoneme

(e.g. the .correlation between /pa ba/ and /sa tea/.

The ,intercorrelationswithin a. 20-concept ,,indicate some learning of,

general concept (e.g. /p )1 but the lack of perfect correlation

indicatesthat each 4-concept also presents unique stimu.i to tbe.,eub4ect.

4 more ,sophisticated way of studying ,transfer across 4-concep4 within

a 20-concept. is to examine the consequence of assumingthat. transfer.

perfect, i.e.# that all presentations of a given 20..concept..frIpreeV4,:

repeated trials.on that concept. This way of looking. at the ,prpblem,is

developed. later. in connection with the, application of the one-element!,,,,

model.
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4. LINGUISTIC INTERPRETATION OF RESULTS

In this section, the results which seem'particOarly piiiinent to

the application of linguistics to teaching of'a Second iangUage are summar-

ized and interpreted.

Several limitations of the study should be borne in mind at-the out-

set: (a) auditory discrimination was at issue exclusively, a much narrower

field than the usual dimension in language learning; (b) the recording

and playback apparatus although adequate, was not of professional quality;

(c) a single native 'speaker Was used throughort; (d) the 'subjects were

hoiogeneous Only' in that they sere students at Stanford' University, nd they

tiienbtsknoir Russian'. With these reservations, 'wee now note''the results

itabmay hive wider implications for second language learning:,

learnt*. As'i'result of about '125 minutes' exposure to the Stimulus

material aid reinforcements of Experiment I, a Lair amOunt of learning

occurred: Uhder'the Schedule'of one 25 minute isessiom'daily for

consicutive day:, the overall proportion of errors dropped from 11°/0

on List 1 to 2°/O on List 24. For Experiment //; with approximately the

saw exposure time, the drop was from 22°/o to 10°/o.. (See Fig. 1).

liperiment I suggests that additional presentations of the voiced-voiceless

contrasts might result in nearly perfect identification of them. On the

otier hand the failure to eatain perfect performance in Experiment II

suggests a not - surprising limitation in the pedagogic effectiveness of

the eiveriMental design. One possible technique for improving learning

would be to abandon the random presentation order in favor of repeated

trials on the same concept.

The fact that in Experiment II the reduction of errors occurred
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primarily within Lists 1-6 and Lists 15-2k points to the platettik=ityie

of language acquisition imther- than continuous learntag.

s and d pairs. When the two members of a pair art-the tame,' it is'

easier to identify theii as such than it is to identify as different *the

members of a d -pair. 'In Experiment I, the ()Venal error rate on A. items

was 50/o, and dropted-froat 7.5 "/o on Lists 1a6 to 3;liP/o*On lists 7-24.

(See-Tale 0. -By contrast, the overall error rate 'tOr s Itei s Ve6'3.11Pio,

and the r &tett was trout `11P/o to 3°/o. The setae- findingsi Were trae :f6r

Experiment II, where the Over-all error- rate fOr '5- Pairs 48.13' fe5f10. (With

a tro p from 8.1°i° on Lists 1 -6 to 7:1°/o; on Lists 7-210: and fai. d'

pairs 200/o (with a drop from 22°/o on Lists 1a..6 to -18°./o on laiett 7-240

This suggests 'that-it ii -useful to' present the:material in the 'Ii-dOncept

approach of the experimental design in order to take advantage of the

lower error rate 'of' s' pairs' and the higher learning rate- of .a

However, d- pairs Etc:did also be presented. at 'a. higher' ratio 'thin s pars. .

That phonemes should'beprelented in paps rather than

was no tested in view of -experimental literature available, e.g..

Pollack's (1952) findings on versus indiVidAttlly presented

Soma', whichshoied that a great many' more strands could be distinguished

when presented in comparison.

It is a1so :interesting to note that, as intended, learning- prOadeded

in terms of phonemes_ and not allophones, and that over-discrimination of

consonant allophones' in s pairs and of vowel allophones s in d pairs 'did

not seem to occur.

Consonant diffici.12.A. The consonants exhibited. a definite order of



req,'4"":7,?T.-,1"Ft-r-,

difficulty. (See Table 1). Generally, fricatives were more readily dis-

criminated than stops. This is due in pert to the random noise characterk

istic of the former, usually more easily recognized than the complete absence

of energy in the pre-released portions of the stops; but perhaps even more

important here is the phonetic similarity of Russian and English fricatives.

This is not true of the stop phonemes where the Russian voiceless stops

are not highly aspirate as their English analogues are, and the voiced

ones are fully voiced, 05encp, due to their own linguistic background,

the subjects bad difficulty in discriminating between voiced and voiceless

stops in Russian. The order of difficulty within the stops was unexpected:

discrimination of labials, /p, b.!, proved more difficult than that of

dentals and velars, /t,d,k,g/, contrary to acoustic tests on burst per-

ception.

The fricatives of Experiment 17 /f, Irp s, z, sh, zh/, were iot

incluled in Experiment II, whereas the stops were, with the addition of

the pairs /d dj, k x, 1 : 1j, n nj, z mj, a sj, s is /.

(See Table 6). There is a striking difference, between Experiments I

and II, in the error rate on those items which were presented in both

experiments. The difference in total exposures, as listed, although con-

siderable, probably is not solely the cause of tbe difference: (The

entries are the presentation frequencies for a given subject:)

/p,b/ /t,d/ /k,g/

EXp T 48o 48o 2e8

Exp II 300 120 72

V.+



We also ruled out the possibility that the subjects in Experiment I

were more sophisticated linguistically than those in Experiment II. The

questionaire data on their prior language training indicates that the two

groups were comparable. It seems most likely that the inter-experiment

differences in error rate on items common to both experiments is due to

effects of the items unique to each experiment, In Experiment I, although

both fricatives and, stops were used, they were contrasted only within each

of.the two categories, and not across categories. Furthermore, :,;the dis-

crimination of the fricatives was quite easy so that the subjects cOula

focus their attention-on the stops. In Experiment II, on the,other:hand,

in addition to the stops of the previous experiment, more difficult

Russian consonant phonemes in relation to the Engligh phonemic system

were introduced, and contrasts were presented across categories, {e.g.,.

/k stop : fricative. Thus, construction of lists for_Expaipat

II was more intricate by far, and each pair required the.subject tp make

a number of decisions in discrimination.

Another finding can best be interpreted in.terms of a feature analysis

of the phonemes; namely, the error rate of d pairs 'beginning with_ .a

voiceless consonant was consistently laver than that for pairs beginning

with a voiced consonant. For example, many more, errors were made on pairs

of the /ba : pa/ type :than on those of the, /pa : ba/ type. We could

therefore say that the addition of the feature of voicing to the second

member of the pair made for better discrimination than the presantatian

of this added feature with the first member. In regard to fricative :

affricate, however, the higher proportion of errors occurred consistently



viththe-fricative as the first member; rather than the affricate. This

is consistent w..bh the interpretation Of the affricate as a strident

consonant-rather than as a stop plus constrictive, a fact demonstrated

by the lack of any intervening intensity minimum when the speech wave is

analJzed as a function of time. (Jakbbsemp 1952).

Vowel difficulty. The data on the error rates of vowels in the two

eXperimentiare not comparable'because' only plain consonants were

Usedinlkperiment /.0 and plain and palatalized consonants in Experiment

Irl'ithidh-tiquire different Voirel
allophonctiAbrEiperiment I, the low

,Ceirbrallatiffects judging Of consonants that precede it the- least. 'The

back and /0/ affect judgeMent to some degree, abOut equally

forlOth The front vowels have the most marked effect on dis-

criminatiOn,'#withlircauting much greater diffiCulty than /e/. (See

Table-1).

knee the allophones 'of /i /, spelled' 14"-and "b11-respectively,

after palatalized and plain consonants are quite different phonetically,

the Experiment II items Maybe divided into two sets: one, plain contrasts

onlyl'and two, plain and palatalized contrasts. If we consider on.14. the .

letter part of the experiMent, in additiOn to the small absolute number

of occurrences of /i/0tbe importance of the high error rate becomes'

apparent. 'This is not surprising in view of the nature of theitNI...ish

vowel system vhich causes the subjects to perceive the high front and

high central allophones of the 2ussian /1/ as two separate vowels, a fact

not true of the allophones of the other four Russian vowels. A correlate

can be found in Halle's (1959) Torment frequencies, computed from stationary

,.....m.,..=11.11.all.fe



portions of sonograms, or if no such portions were available, from the

middle point of the torment (p. 115):

i e a

/p/ F
1

200 400 700

F2 3475 1875 3250

F3 2125 2500 2200

o u
1400 275

700 550

2125 2150

F
1

150 1425 700 500. 300

F2 2150 1900 1375 1000 5T5

F3 3000 2625 2250 22Q0 200

The phoneme /1/ has by far the greatest discrepancy of torments, a fact

with which our findings correlate.

In surnmary, except for (i) the discrepancies from a predicted order

of difficulty Which was based on discriminatiou and production rather than

only on discrimination, and (ii) the relative difficulty of the discrim-

ination of bilabials, the experimental linguistic findings most

of the expectations resulting from a contrastive phonemic analysis of

Russian and English.

-29-
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5. QUANTITATIVE APPLICATION OF STIMULUS-RESPONSE THEORY

In the preceding sections, we have attempted to present in consider-

able detail the empirical results of the experiment, with little emphasis

on a psychological interpretation of these results. In this concluding

section of the Report, we turn to a quantitative analysis of the experi-

mental data in terms of one fundamental stimulus-response theory of

Iearniv,, The basic theory we apply originates with Estes' paper (1950);

a large number` of other investigators have contributed to the development

ofAhg theory in,,theepatit.decade.

In a highly simplified form, the basic ideas are as follows. The

organism is presented with a sequence of trials, on each of which he makes

a response that is one of several possible choices. In any particular

experiment it is assumed that there is a set of stimuli from which the

organism draws a sample at the beginning of each trial; it is also assumed

that on each trial each stimulus is conditioned to at most one response.

The prdbability of making a given response on any trial is postulated to

be simply the prcportion of sampled stimnli conditioned to that response.

However, if there are no conditioned stimuli in the sample, it is post-

ulated that there is a "guessing" probability for each response, and this

guessing probability is independent of the trial number and the past

sequence of events. Learning takes place in the following way., At the

end of the trial, a reinforcing event occurs identifying that one of the

possible responses which was correct. With some fixed probability the

sampled stimuli becalm conditioned to this response if they are not so

already, and the organism begins another trial in a new state of condition-

ing. The sequence of events postulated to occur on a given trial may be



r.

illustrated by the following diagram:

state of stimuli response

conditioning --) sampled -4 made 4
reinforcement

occurs

reconditioning new state

of sampled of

stimuli conditioning

Note that the trial begins with a certain kind of conditioning and ends

with a new state of conditioning. This change of conditioning represents

the most essential part of the learning process. (A more explicit

formulation of these ideas is to be found in Suppes and Atkineon (1960)).

The four basic *modals we wish to describe .here maybe viewed

special cases of this general theory. Roughly speaking, they correspOnd"

to assuming that different numbers of stimuli are available-for sampling'

on every trial. In this sense the different models correspond to paetulat-

lie that a different number of stimulus components or patterns.are sampled

from the CV pairs presented to the subject on each trial in the present

experiments.

One-element model. A simple model, and one that has proved empirically

highly satisfactory in a wide range of experiments, is the one for whidh

it is postulated that there is exactly one stimulus element which is

available and sampled on each trial by the subject. A mathematical model

that arises from this simple one-element assumption can be described in'-

the following way. On every trial the subject is in one of two states:

either the single element is conditioned (state C) to the correct response,

in this case the verbal responses "same" or "different", or it is uncon-

ditioned (state U). We formulate the mathematical background of the

-31-
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model in such a way that the subject's behavior farms a' MarkOv process in

these two states with the transition matrix indicated below.

state on trial n

C U

Cstate on 1

U 1-c

The meaning of this matrix is simple. When the subject is in the =condi-

tioned state there is a probability c that he will move to the conditioned

atlittes Once he,becMe0 "WU:40nel be reusing so as indicated by the

prObibil4tr,1 5ec904, ,ve,postulete,tbst the subject guesses the

correct response mitkprObakility g when be is in the unconditioned

state and responds correctly with probability 1 then he le 14,11the

,o9olitioned state,.

Frca a.psychologica3. standpoint the simple one-element model represents

conditioning as an all-or-none process. The assunwtion of a constant guess-

ing probability on each trial before conditioning implies that there is a

binomial'. distribution with parameter g of responses prior to the last

error. This observation has, important consequences for the analysis of

experimental data, the most important one being that the mean learning

curve, when estimated over responses prior to the last error for each

subject, should be a horizontal line. This is because on all trials prior

to the last error the subject must be in the guessing state. Therefore

his probability of making a correct response is constant (and equal to g )

to these trials.

The observation that according to the model responses prior to he

-52r-
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last error have a binomial distribution, suggests the consideration of a

number of goodness-of-fit tests. The virtue of these tests. is thai" they

permit a genuine statistical evaluation of the null hypothesis that the

model fits the data. Following the more detailed discussion in $uppes

and Ginsberg (1961) there are four tests that are appropriate to apply.

The statistical properties of these four tests are well known in the

literature and do not need to be discussed here.

Stationarity. The first and most important test concerns the property

already mentioned, namely that the mean learning curve when estimated over

the responses prior to the last error is a horizontal line. The appro-
,

prlate test in this case is the statistical test for stationari41

formulated in terms of the null hypothesis that there is no change in the

proportion of correct responses over trials prior to the last error.

pAting .04 variable t run over blocks of trials the appropriate

sipare,test is, as follows:

X
2 -Eli (01(ni

t,
(t)

ETEY N.

ni

where -i As the number of correct (1 -=. 1) or incorreet

(i 0) responses in block t, n(t) is the total number of responses in

block t,'',311. `-1.13 the number of ,correct (or Incorrect) respOnse-0-.0uneed

Over all blocks, and IC is the total mutter of responses :summed over all

blocks. The ±2 statistic has the usual limiting distribution with

T 4.; 1, degretes ot-freedom, where is the number of blocks of

(If there are u 2 .respionses, the number of degrees of freedom is

-33-



(m - 1) (T - 1)0 Under the restriction to two responses, the expression

for t2 may be simplified to

x2 = E [Nni(t) -

thus eliminating the summation over i

2
1
n(t)j/nin2n(t)

Order. The second test concerns the null hypothesis that the sequence

of responses do indeed form a sequence of Bernoulli trials, i.e., that

responses are statistically independent.: from one trial to another. The

alternative hypothesis is that there is a first order dependence. The

appropriate formulation of the chi square test is as follows

X N )7 sr $

2
n n

where j as well as i is 0 or 1, nij is the nuMher of transitions

from state i to state j,

4.4

nj lapis , and N is the

total number of responses, as before. Again, "ox:
2 has the usual

limiting distribution with (m - 1)2 degrees of freedom, where in is

the number of states; here, m mg 2 Acceptance of the null hypothesis

has the strong implication that we cannot predict responses better if we

know whether the preceding response was correct or incorrect.

Distribution of Responses. The third test concerns the qmestiou

whether responses do indeed exhibit a binctnial. distribution. Because the

number of responses prior to the last error varies from subject to subject

and because, unless the nu:mbar of subjects is very large, insufficient

data will be obtained by grouping subjects together, the practical way to

1
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test. thi.s hypothesis is to consider blocks o.. trials in some given length,

say four. 04 the null hypothesis hat responses axe statistically inde-

pendent a standard, chi square test for goodness of fit of the empirical

histogram to lkyskropriate.

Distribution of osauens...se of responses. We may go beyond. the binomial

distribution of responses to the more detailed. question of the: distribution

of sectuexices a responses, Again we look at blocks of a given length, eV,
four,. and *this coxie oak if the sixteen possible sequenees of four

resfonoe kathibit,the appropriate distribution. A chi square test may again

be 0t94q4An 11*W:4:the manner appropriate to the distribution of

reSP9RIeflAtm*(944010-

.the distribution of last errors mar be
034104* ,00,1,01c44, Ospdpotht, but unfortunatelar,',:in the present

egP4F4P614_,..04314 .41;20er of :subjects :reaching criterion was ,too well to

Provi4 S.144%lete, 404.,

testu just described were applied to the group data.for

Experiment II,. However, on important ,point of Interpretation .:for ,,

application of the model needs to be mentioned. We may apply the one-
element model at different concept levels. We mean by this the following:

in a variety of experiments the one-element model has been successfully

interpreted in terms of a conditioning association between a concept and

the correct response, e.g., the concept of a get:metrical form like a

quadrilateral or an abstract concept like that of identity of gets. The

association need, not be between a particular stimulus and the Com:A

reapcinse Xn the present experiments, is the preceding analysis has



already indicated, it is possible to identify several levels of concepts.

We shall indeed apply the model to the 1-concepts, 4-concepts, and 20-

concepts already defined.

TWo-element model. Because the one - element model does not adequately

fit the data of Experiment II, it is necessary to consider additional,

more complicated models that may be derived from the fundamental theory.

The next step beyond postulating that conditioning is an all-or-none

process is to postulate that learning takes place in two stages. In

particular, we assume that associated with each situation are two stim-

ulus elements and, therefore, that the learning proceeds in two stages

of all-or-none conditioning. Each of these two elements is conditioned

on an all-or-none basis but the two parameters of conditioning, one for

each element, may be adjusted to produce various incremental effects on

the response probabilities. Let a and T be the two ,l.errients. The

basic learning process may be represented by the following four-state

Markov process where the four states (air), a, T, and 0 .represeht

the possible states of. conditioning of the two-stimulus elements.

(0,1) a T 0

(a,T) 1 0 0 0

a b' /2 1-bV2 0 0

b' /2 0 1-bV2 0

0 0 a/2 a/2 1-a

Because we do not attempt experimentally to identify the stimuli a and



1, thisiMarkov process may be collapsed into a three-state process, whose

states are simply the number of stimuli conditioned to-the correct response.

In the matrix shown above a is the probability of conditioning at the

second stage. The division by 1/2 in the matrix simply representi the

equal probability of sampling one of the two elements.- If we consider

only the number of stimuli, it is convenient to replace 41 by.b and

we obtain the transition matrix shown below:

2 1

2 1 0 0

1 1-b 0

0 0 a 1-a

To complete th. descrip-t_Lon o nrot-p we assof:ia-cp T.4th

0 and 1 the guessing pry ba ilities 0

idn.frto

eans that we

now have a process with four free parametersi-the conditioning parameters

a end b and the guessing-probabilities go and g1. In actual:fact, .

in terms of the methods we shall use for analyzing data, these four para-

meters are reduced to three, because we shall only consider response data

prior to the last error. This means that the second conditioning para-

meter b will not enter into the' analysis of data, for the subjecti must

be in state 0 or 1 prior to the last error. Necessarily a transition

from state 1 to 2 cannot have occurred at this stage.

Estimation of thf three parameters can be-approached:.in a number of;

ways. In the application considered below, we_ Shall restrict ourselves

to a consideration of data from individual subjects, that is, the estima-
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tion of parameters shall be for individual subjects and not for group

data. This introduces a considerable simplification both Lathe *esti-

mation of parameters and the analysis of goodness of fit. It has the

particularly desirable feature of eliminating any problems concerning

homogen6ity of parameters across subjects.

When learning data for individual subjects are considered, it is

apparent what sort of learning curve is predicted by the two-element model.

The learning curve is simply a step function with the first step being at

levels g0, the second at level gl and the third at level 1, correspond-

ing to the probability 1 of a correct response in state 2. From analy-

sis of individual data it is of course impossible to tell exactly when a

subject passes 41-..or state 0 to state 1. What we have done is to apply

owing manner. We divide the data

for each subject into octiles preceding the last error. On the assump-

tion that the transition from state 0 to state 1 occurred at the

j
th

octile we fit g0 and gl by the method of least squares. This

estimation is performed for each octile. We then select as the point of

transition from state 0 to state 1 the octile which has. the minimum

least squares deviation. The equation for the least squares function

f(j) for the jth octile is as follows:

8

(1) t(3) = 57 (xi - 02
+ 1: . (xi Ai)

2

fa i=j+l-

where x is the observed proportion or correct responses in the j
th

octile. Taking partial derivatives with respect to go and gl, we then



obtain the following two equations, which were used to estimate get_

and gi;

(2 )

( 3 )

A
g0 = xi

j

8
g1 = 1: x

1
i=j+1

The computelnns are done for j = 1, 2, ..., 8. The case j = 8 'mans

that only state 0 occurs and hence is equivalent to the one-element

model. It should be realized in passing from the one-element to the two-

element model that any simple operational identification of the two ele-

ments is not possible. It is a common question to ask what the two

elements correspond to in the stimulus material heard by the subject.

Various psychological interpretations of the two elements can be given,

but at the present stage of research it does not seem possible to identify

them psychologically in any experimentally definite manner. Perhaps the

most suggestive way to think about these two elements is that they cor-

respond to the two most important aspects or properties of the stimulus

material.

Because of the theoretical character of the two elements postulated

in the two-stage model, there is no real reason to restrict the analysis

to two elements. In other experimental situations (see, for example,

Chapter 10 of Suppes and Atkinson (1960)) the number of stimuli has been

estimated for the data. Because of the relatively small number of obser-

-39-



vations for individual subjects, we have not attempted this extension

in the analysis of Experiment II. This would be possible if the data

from subjects were ccmbined, but we feel that in the present experiment

the heterogeneity of individual subject behavior is sufficiently great

to argue against this approach.

Linear model. Another alternative model that we wish to consider

is the linear incremental model with e,-single operator. The intuitive

idea of this model is precisely the opposite of the all-or-none condition-

ing model. The supposition is that learning proceeds on an incremental

basis. Let (in be the probability of an error on trial n. Then the

model is formulated by the following recursive equation:

(4) cinia = (1.4)qn

where 0 < 8 < 1. It is simple to show but somewhat surprising that this

purely incremental model has precisely the same mean learning curve as

the all-or-none model if we set c = 8. (To obtain this identity of the

learning curves we must, of course, consider all responses and not simply

responses prior to the last error.) The incremental model does differ

shilsOgy- from the all-or-none model in the kind of learning curve pre-

dicted for responses prior to the last error, as is evident from equation

(4).

The estimation of q1, the initial probability of an error and 8,

the learning rate, was performed as in the case of the two element model,

by minimizing the sum, over octiles oc the squared deviation between the

predicted and observed frequencies of correct response. The equation



(5) f(q1, 9)

8
E -
i=i ne0

2
(1.8)n-1 11 I

where F
i

is the observed frequency of correct responses in the i
th

octile, and the inside summation is over all trials in that octile. The
.

parameter estimation consisted in arbitrarily fixing at a predetermined

value (the range .00 <01 .06 proved suitable and was explored in small

increments of t and then computing the q
1

value which minimized

f( ql, 8) . The and ft yielding rng oeilt were selected as the
'1'

parameter estimates.

Concerning the psychological interpretation of the linear_model, it

may be remarked that it corresponds to assuming that there is a very large

population of stimulus elements and that a fixed proportion of these ele-

ments are sampled on every trial (or equivalently that each element is

sampled with an independent probability 9). Prior to detailed empirical

investigation of goodness of fit, it is a plausible hypothesis that for

material as perceptually complicated as the linguistic stimuli used in ,the

present experiment the linear model would fit better than the simple all-

or-none one or two-element models. In this case the assumption that the

population of stimuli is very large corresponds psychologically to assuming

that the subjects are responding to a very large number of aspects or

properties of the stimulus material.

We turn now to the experimental comparison of the various models.

We first consider the chi- square tests for stationarity, order and binomial

distribution of responses outlined above in connection with the one-ele-

meat model.



Stationarity tests. Table 16 gives the results of stationarity chi-

square tests at each level of concept analysis Each X2 was computed in

Insert Table 16 about here

the following manner. The data were analyzed in sets of four successive

responses in each protocol. Therefore, n(t), the number of responses in

block t, was four multiplied by the number of protocols. Whenever the

responses in a given protocol met the criterion of thirty successive

correct; that protocol was eliminated from the computation. The compu-

tation was terminated after reaching the highest block number such that

fewer than half of the protocols had been eliminated. The initial number

of protocols was equal to the product of the number of subjects (20) and

the number of concepts at the given level of analysis (e.g., 48 for the

1-condept, 12 for the 4-concept, one for the tp b/ 20-concept. So

the initial block size was 3840 for the 1-concept, 960 for the 4-concept,

80 for the /p b/ 20-concept, etc. For the 24 s pairs (24 concept), the

1-concept, and the /k x/ 4-concept, the results show significant non-

stationarity at the .05, .02, and .01 levels of confidence, respectively.

In all other cases, the stationarity hypothesis is rejected at the .001

level or beyond. When the nunber of degrees of freedom (one less than

the number of blocks) for a given X? exceeded 30, the normal approxima-

tion z - was used. We conclude that this analysis shows

that there seems to be no obvious classification of pairs into linguistically

defined concepts such that stationarity tests on group data yield the result

demanded by the one-element model.

Order tests. Table 17 presents the results of the chi-square test's



of the hypothesis that responses on successive presentations of a given

concept are independent of each other. The tests indicate Independence

Insert Table 17 about here

only for the /kj /z zj/ and s pairs. It should be noted that

these are precisely the pairs which exhibit the lowest error rates (Table

6). For the 4-concept, non-independence of successive responses is

indicated at the .05 level. For the remaining concepts, the hypothesis

of response independence is rejected at beyond the .001 level. It is

interesting to contrast these findings with:those in Section.3. In that

analysis, the sequence of responses examined for independence was the

subject's original sequence of responses in the order that they occurred,

regardless of the concept-type. In the present analysis "successive"

refers to instances of the same concept rather than to the entire sequence

of responses. The analyses indicate independence of successive responses,

but not of responses to successive presentations of the same concept.

Tests for binomial distribution of reas222, . Table 18 presents

the results of the chi-square tests of the hypothesis that the distri-

butfon of responses prior to learning is binomial. We consider blocks

of trials of length four, and take for each subject the highest multiple

of the block length equal to or less than the total number of responses

prior to last error. We then sum over subjects the total numbcr of such

blocks and construct the histogram.of the frequency of 0, 1, 2, 3,, or

4 errors. For the 1-2 4-, /p b/, /s ts/2 voiced- voiceless and d

concepts, the departures from the binomial distribution are significant



at beyond the .001-level. The-only concepts whose respons&distributions

Insert Table 18 aboutihere

are not significantly different from the binomial distribution are those

which consistently exhibit the lowest error rates. The remark made in

conjunction with the order tests, viz., that tests based on lower pro-

portions of errors are less likely to reveal departures from predicted

properties; applies here also.

Tests for binomial distribution of response sequences. Here we look

at sequences of responses, such as " error -correctitorrect-errorn within

blocks of four successive trials. There are 2
4
m 16 such sequences, and

we wish to compose the observed and predicted frequency of each sequence.

Proceeding as with the distribution of responses, we perform a chi-square

test of the goodness of fit of the empirical histograms. As we would

anticipate from the results of the preceding tests, ae tests of the

hypothesis that the frequencies of the possible sequences of four succesf.

$ive responses are bi.7Jmially distributed indicate significant departure

from that distribution (Table 19). Even the concepts (except the s

Insert Table 19 about here

concept) which yielded non-significant )1Fs lon:Lthe response distri:40n

tests yielded significant' Y?s on this response sequence distribution

test.



TABLE. A6.

Results of Stationarity Tests

Number of
Level of Members of
Analysis Concept

Single Pair
1

1 7.83 2 <02:

Pairs with Same
Contrpt and Same
Vowel (4-conceit) 4 52.34 16 -<%001

/p ;-b/ 20 485.42 '89 r.001

/s : ts/ 20 341.21 117 <.001

32.24 14 <Al/kj : xj/ 4

All Voiced-Voiceless
Stops 52

s Pairs/ 24

d Pairs/ 24

649.48 137 <.001

16.30 7 <.05

267.33 100 <sow.

1
Includes only pairs which appeared in all lists.
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Another stationarity prediction (Bower* 1961).baned on'the-binomiml

properties of the oneukelement mcdel-involAmithe sequencee

of responses by a_given subject to a given concept. The prediction is

that, given an error on the nth presentation of a certstin concept, the

number of times that the subject misses that concept Argt subsequent-pre-

sentations should be independent of n. This-is because an error/ regard-

-less of when It occurs, is assumed to imply that. the concept is comgetely

unlearned. Hence the expected nueber of subsequent erTort, on-that concept

is independent of n. Figures-8 and_9 show the :curves otthe,number.ot

errors plotted against n for the 1- and 4-concepts. The data are plotted

Insert Figs. & and- 9 about here-

Aommemmiwomp,

for the first half of the trials (minus one) at each of:the;two, levels of

analysis. For-both the 1-concept and the.4-concept the curveacgcnera14

decline,- instead of remaining horizontal- at predicted by.the-owelement

model. s_

Vincent curves of group. data. The. Vincent curvet for_agiverclemir

-type-were plotted by dividing the trials prior to last errat'on-thaV.type.

into quartiles for each subject, finding the number of-erromper--quartile,

and adding over subjects. Table 20 gives the number of errorsandthe:--

Insert Table 20 about here

..eroparroslammmwmod-inormr111...mmervmwIlrolr-

nutber of responses per quartIle.for each conoept analyzed. From these:

45-



;14n 4'7;''

data,, the proportions of correct responses-per quartile were graphed

(Figure. 10). These data were alsoused to compute Chi-square !tests.

Insert Fig. 10 about here

NI11111141111110=1PWIIIIIIIIIIIMOMMI111001111111111/71101111=1.1MINIM10.0...

the hThcithesis that the number of errors per quartile is stationary for

a given_ concept. Ex -;pt for the /k concept;" he obtained chi-square

values '- indicate significant departure from stationarity (Table 21); This

finding *pie* with the corresponding` ,analysis of = the non-Vineentized

_.,uts.ost Tole 21 -about ,here

--data (Table -16):- --Figure 10 -shows exactly- what-patterns- of non'stationarity

occurred. -Discotuating'the less ititek,esting- types /kJ. s xj/ and /ir : EV,

the general trensi is an increasing, negatively accelerated curve through

the first .three quartiles, and an upward "spurt" in the fourth quartile.

This "gzidplateau" has been found by Zeeman et al. in studies of discrimi-

nttion ltornins by retarded children (1961). _It occurs between quartiles

2 andl.in five- of the six curves (of course, this is consistent with the

woup.learning curve of Figure 1). However, there are several reasons

why, we do not- wish to emphasize the "midplateau". In the first place,

our_evidence_yould be more "convincing if the curves were based on inde-

perilent obserwaloas of different sets of items, Secondly, the effect did

not- appear when the-data of Experiment I were plotted In Vincentized- form.

There, a monotonically increasing, negatively accelerated curve appeared
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Fig. 10 Observed proportion of correct responses in each quartile of

Vincentized group data. The curves are displayed separately for each

level of concept analysts,



Number of kirors n(i) in ?Quartile (it ("5,.14, 2, 3, 4), and

Number of Responses per Quartile at Each Level

of Concept Analysis

Number of Number of
Members of: Members per

Concept Concept Instance N n(1) n(2) n(3) PL(4)

1 48 w. 1 2182 6,5 509. - 539 .4003

F url 12 4 3320 819 710 69 0_ 541

All Voiced-Voiced -

Voiceless. 52 2210 588 489 497 19.91,

s
1

24 427 74 . 55 .'53 _ , itlf

d
1

24 1797 628 542 516 407

1 Includes only-pairs which appeared in all lists.

2 Includes the 12 /k : g/ pairs and 20 /t : d/ pairs present in Lists
1 -6, as well as the 20 /p : b/ pairs present in all lists.

T7.707r,,



TABLE 21

-BeSulte of Ztationarity Tests on Vincentized Data

Number of

Level of Members of

Analysis Concept Oe d.f. p

.

Single Pair/ 1 23.99, 3 <.001

Pairs With Same

Cont et and Same

VOwelail4-coneept)- 4 71.79 3 <:. 001

20 60.62 3 <.001

20 12.76 3 ir.01-i

4 1.51 3 <.70

lz : zj/ 4 2.15 3 <.70

All Voiced-Voiceless c,

Stops 52, 20 50.91 3 <.001

a Pairs/ 24 9.73 3 <.05

d Pairel 24 67.11 3 <.001

1
Includes only pairs which appeared in all lists.

ppempropp04.1.1...



for each concept analyzed.

Individual ancent curves. We next considered several refinements

the analyses of Vincent curves: (a) the Vincent curves were plotted
.__

for individual subjects; (b) to permit closer evaluation of the learning

[

r

models, the trials prior to last error'were divided into octiles rather

than'into-quartiles; (c) two breakdowns, each into tour Bete, of the more

difficult pairs were studied; the' sets are indicated;.below;

First Second

ltir,type Classification Classification

/p b/

; tP/

s vs. d

s vs. d

/p/ vs. /b/ as first member of,pair

/s/ vs. /ts/ as first member' of pair.

Eachoitet_represents ten pairs (e.g., the /s ts/ s class includes-otie

is rot and,one ts/ pair with each of the five vowels).- (d) The

preceding steps. greatly reduced the number of responses-and errors per:

octile;' so the analysis was restricted to those sets of pairs which-

contained.enough errors, to provide worthwhile tests of. the models. -One,

important fact about the Vincent curves for these "hard" .sets mast be inbted;

viz., that the learning criterion was not met in these cases. Hence, only

the initial portion of the prelearning trials, rather than. all of them,

has been .divided into octiles. The criterion for "enough" errors in a

giN%.4 response sequence was more than fifteen in at one octile.-

(An octile could include up to 30 responses). Fifty-four such sets of

octile data met this criterion. The first two. columns of Table 22 list

the subject, and pair type which contributed each of:these sets of data.

OPY67,`Al,,,,M0M57-
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Insert Table 22 about here

Tests of the two-element e.X linear models.

Goodness of fit of predicted Vincent curves. Each of three models

we applied to each of the 54 sets of octile data. For the Slope-inter-

cept and linear models, two parameters were estimated separately for each

of the sets of data. Three parameters were estimated in each case for the

two-element model. The manner of application of the models will be dis-

Cussed next.

Two-element model. As mentioned earlier, this model assumes that,

prior to the trial of last error on a given concept, the two-element

stimulus set representing the concept may pass from the initial state in

which neither element is conditioned to the correct response to the inter-

mediate state in which one of the two elements is conditioned. Therefore,

before predictions regarding the data before last error can be made, it

is necessary to estimate the guessing probabilities go and gl, and the

trial on which transfer from state 0 to state 1 occurred. The exact

manner of estimating these quantities is given above (see equation (1)-(3)).

It is of some interest to note the distribution of the frequency of

the various j estimates (Figure 11). According to the two-element model,

Insert Fig. 11 about here

the passage from state 0 to state 1 occurs most often at octiles 1, 2, 6,



3
4

O
C

T
IL

E
F

ig
. 1

1
F

re
qu

en
cy

 o
f e

ac
h 

es
tim

ai
.e

,t,
 o

f t
he

 tr
an

si
tio

n 
oc

tli
e 

(t
w

o-
el

em
en

t m
od

el
).

6
7



T
A
B
L
E
 
2
2

P
a
r
a
m
e
t
e
r
 
E
s
t
i
m
a
t
e
s
 
a
n
d
 
G
o
o
d
n
e
s
s
-
o
f
-
F
i
t
 
o
f
 
T
w
o
-
E
l
e
m
e
n
t
 
a
n
d

S
u
b
-

j
e
c
m

S
e
t
 
o
f

P
a
i
r
s
l

R
e
s
p
o
n
s
e
s

p
e
r

O
c
t
i
l
e

j

.
1

2
2
9

6

1
4

2
9

3

1
5

2
9

1

1
7

2
9

1
4
.

2
2

2
7

1

2
4

2
9

3

2
5

2
6

5

2
6

2
7

7

2
7

2
9

7

3
2

2
9

6

3
1
4
.

2
8

6

3
5

2
9

5

T
w
o
-
E
l
e
m
e
n
t
 
M
o
d
e
l

A
A

X
2

d
.
f
.

g
0

g
1

.
6
0
3

.
5
8
6

.
6
5
5

.
7
0
7

.
5
9
3

.
 
3
2
2

.
8
3
8

.
8
8
4

.
6
1
1

.
3
7
4

.
6
0
7

.
5
5
9

L
i
n
e
a
r
 
M
o
d
e
l
s

L
i
n
e
a
r
 
M
o
d
e
l

.
7
0
7

1
2
.
3
5
4
*

5
.
0
0
0
4

.
6
7
6

2
.
5
9
0

5
.
0
0
1
0

.
7
4
9

6
.
9
0
0

5
.
0
0
0
o

.
7
6
7

1
.
3
7
7

5
.
0
0
1
0

.
8
1
5

8
.
2
7
3

5
.
o
0
1
4

.
4
0
0

2
.
2
9
6

5
.
0
0
0
8

7
0
5

1
1
.
7
2
6
*

3
.
0
0
0
0

.
9
6
3

0
.
8
1
5

2
.
0
0
4
0

.
5
5
2

1
.
9
3
7

5
.
W
0
0

.
5
8
6

2
.
4
5
6

5
.
0
0
1
8

.
7
8
6

3
.
7
2
2

5
.
0
0
1
0

.
5
9
8

2
.
6
9
7

5
.
0
0
0
2

.
4
1

.
6
1
1

.
5
9
8

.
7
3
7

.
7
0
4

.
7
5
2

.
3
0
9

.
7
8
8

.
8
3
9

.
6
0
3

.
2
9
4

.
6
1
0

.
5
6
3

x
2

d
.
f
.

1
4
.
0
1
0
*

6

3
.
8
1
1

6

7
.
8
0
5

6

2
.
0
1
2

6

1
3
.
7
3
3
*

6

1
9
4
.
4
0
0
*

5

1
8
.
4
4
4
*

6

,
0
.
0
2
2

2

2
.
3
0
5

6

4
.
7
6
7

6

9
.
0
9
7

6

2
.
4
5
8

.
6

1
T
h
e
 
n
u
m
b
e
r
i
n
g
 
i
s
:

1
 
-
 
/
p

b
 
/
,
,

.
2
)
2
 
-
 
/
p

b
/
,
 
p
j
 
3
 
-
 
/
s
.
:
 
i
s
 
/
,
 
s
;
 
4
 
-
 
/
s

t
s
/
0
 
d
;

5
 
-
 
/
p
 
:
 
b
/
0
/
4
f
i
r
s
t
;
 
6
 
-
 
/
p

b
/
d
i
f
i
r
s
t
;
 
7

7
s

:
 
t
0
/
0
/
W
r
i
r
s
t
;

8
,
-
 
/
s

t
s
/
0
/
W
f
i
r
s
t
.



S
u
b
-

s
e
c
t

S
e
t
 
o
f

P
a
i
r
s
l

R
e
s
p
o
n
s
e
s

p
e
r

O
c
t
i
l
e

j

3
6

2
8

2

3
7

2
8

6

5
4

2
8

3

5
7

2
9

2

7
2

2
9

1

7
5

29
1

7
6

2
9

4

9
3

2
8

2

9
7

2
9

2

1
1

2
26

2

1
1

7
2
9

2

1
3

2
2
9

6

1
3

4
2
9

2

13
5

29
4

T
A
B
L
E
 
2
2
 
(
c
o
n
t
i
n
u
e
d
)

T
w
o
-
E
l
e
m
e
n
t
 
M
o
d
e
l

0
g
l

)
e

g .
7
1
4

.
8
3
3

3
.
9
5
1

.
6
8
5

.
8
0
4

2
.
8
3
4

.
7
3
8

.
9
2
1

3
.
8
1
4

.
7
2
4

.
8
7
9

4
.
0
6
0

.
4
4
8

.
7
1
4

3
.
.
.
9
4
3

.
5
1
7

.
8
2
8

3
.
7
0
9

.
6
4
7

.
7
8
4

4
.
1
9
6

.
8
9
3

.
8
0
4

3
.
8
3
6

.
8
4
9

.
7
1
8

1
2
.
8
5
3
*

.6
15

.
8
6
5

8
.
8
4
2
*

.
8
9
7

.
7
4
1
.

7
.
8
8
8

.
5
1
1

.
8
2
8

7
.
7
8
9

.
1
2
1

.
3
4
5

4
.
8
0
8

.
5
6
9

.
7
6
7

4
.
6
5
4

d
.
f
.

8
q
l

5
.
0
0
4
o

.
6
9
9

5
.
0
0
1
2

.
6
7
3

2
.
0
1
0
0

.
6
2
6

2
.
0
0
6
0

.
7
0
5

5
.
0
0
3
0

.
5
5
3

c .
.

.
0
0
5
0

.
6
4
3

5
.
0
0
2
0

.
6
4
1

4
.
0
0
0
0

.
8
2
6

4
.
0
0
0
0

.
7
5
0

2
.
0
0
8
0

.
5
8
2

4
.
0
0
0
0

.
7
8
o

5
.0

05
0

.
2
9
4

4
.
0
0
1
4

.
1
6
4

5
.
0
0
5
0

.
4
3
2

)
e

d
.
f
.

3
.
0
4
4

6

5
.
0
3
8

6

0
.
8
6
0

2

5
.
0
4
1

2

5.
10

3
6

8
.
0
8
3

4

7
.
1
9
8

6

6
.
1
7
5

6

1
7
.
5
6
3
*

6

8
.
7
7
2

4

1
4
.
4
4
8
*

6

5
.
1
1
3

6

1
0
.
8
3
1

6

1
.
7
8
3

6



T
A
B
L
E
 
2
2
 
(
c
o
n
t
i
n
u
e
d
)

R
e
s
p
o
n
s
e
s

T
w
o
-
E
l
e
m
e
n
t
 
M
o
d
e
l

L
i
n
e
a
r
 
M
o
d
e
l

S
u
b
-

S
e
t
 
o
f

p
e
r

=
:

j
e
c
t

P
a
i
r
s
l

O
c
t
i
l
e

j
g
0

g
1

)
?

d
.
f
.

9
c
i
l

'
e

d
.
 
f

.
.

,
;

4
-
,

I
f
i
r
'
i

1
3

6
2
9

7
7
5
9

9
6
6

4
.
0
0
2

3
.
0
0
2
0

.
7
2
9

7
.
1
8
0

6
r
.
,

'
;
.
1
.
1
,

A

1
3

7
2
9

7
.
5
8
6

.
4
1
4

1
.
7
2
3

5
.
0
0
0
0

.
5
6
5

4
.
7
5
2

6
;
,

1
3

8
2
9

2
.
5
0
0

.
6
7
2

2
.
9
6
4

5
.
0
0
3
0

.
4
8
4

2
.
7
8
4

6
_
.
.

1
4

2
2
9

5
4
9
0

7
4
7

3
.
7
7
6

5
.
0
0
3
0

.
4
2
4

1
1
.
9
6
1

6

1
4

5
2
9

4
.
6
4
1

.
8
0
5

4
.
8
1
1

5
.
0
0
3
0

.
5
8
2

4
.
4
4
5

6
'
,
.
-
:
,
,

1
4

.
6

2
8

6
.
7
6
0

.
6
4
3

3
.
0
2
4

5
.
0
0
0
0

.
7
4
6

4
.
6
8
3

6
a 

,,

1
5

1
2
9

2
.
6
9
0

.
8
2
2

5
.
8
4
5

5
.
0
0
3
0

.
7
0
2

5
.
9
4
2

5
;
.
,
,

1
5

2
2
8

6
.
6
7
3

.
9
8
2

1
5
.
2
3
2
*

4
.
0
0
5
0

5
7
9

3
3
.
3
0
7
*

5

1
5

5
2
8

6
.
7
2
0

.
9
4
7

6
.
5
2
4

3
.
0
0
5
0

.
6
2
5

1
5
.
2
6
9
*

5

1
5

6
2
9

6
.
7
2
4

.
9
1
4

7
.
1
1
1

4
.
0
0
3
0

.
6
7
9

1
2
.
7
5
2
*

5

1
6

2
2
6

2
4
0
4

.
8
5
9

1
4
.
2
4
e

2
.
0
1
5
0

.
1
6
1

2
.
3
8
1

3

1
6

5
2
2

2
.
5
9
1

.
8
8
6

4
.
6
4
2

2
.
0
1
3
0

.
5
0
3

2
.
5
7
8

3

1
6

6
2
7

2
 
,

.
7
2
2

.
8
8
9

7
.
1
8
2
*

2
.
0
0
7
0

.
7
0
0

5
.
1
3
7

3

1
7

2
2
9

1
.
5
1
7

.
7
4
4

3
.
9
6
4

5
.
0
0
4
0

.
5
5
8

2
.
9
1
0

6



S
u
b
 
-

S
e
t
 
o
r

j
e
c
t

P
a
i
r
s
'

1
7

4

1
7

7

1
7

8

1
8

2

1
8

6

1
8

7

1
9

2

1
9

1
4
.

1
9

5

1
9
,

6

1
9

7

1
9

8

2
0

2

2
0

5

S
U
M

*
p
 
<
.
0
5

R
e
s
p
o
n
s
e
s

p
e
r

O
c
t
i
l
 
e

j

T
A
B
L
E
 
2
2
 
(
c
o
n
t
i
n
u
e
d
)

T
w
o
-
E
l
e
m
e
n
t
 
M
o
d
e
l

g
0

g
l

X
?
'

d
.
f
.

L
i
n
e
a
r
 
M
o
d
e
l

9
q
1

X
?

d
.
f
.

2
9

3
.
2
5
3

.
4
7
6

7
.
7
2
3

5
.
0
0
2
0

.
2
3
4

7
.
5
2
3

6

2
9

1
.
4
4
8

.
5
7
6

1
.
6
2
7

5
.
0
0
0
4

.
5
4
0

3
.
1
9
6

6

2
9

3
.
6
0
9

.
7
9
3

2
.
1
8
7

5
.
0
0
4
0

.
5
7
3

3
.
3
8
6

6

2
4

5
.
8
5
8

.
7
0
8

1
8
.
2
0
2
*

3
.
0
0
0
0

.
8
0
2

2
8
.
2
0
8
*

6

2
5

7
.
8
0
6

.
9
6
0

7
.
7
7
5

3
.
0
0
0
0

.
8
2
5

1
4
.
3
7
2
*

6

2
9

4
.
7
1
6

.
7
9
3

3
.
8
3
4

-
5

.
0
0
0
6

.
7
3
6

5
.
5
6
5

6

2
9

6
.
3
7
9

.
6
0
3

0
.
3
4
2

5
.
0
0
1
6

.
3
2
1

5
.
0
9
2

6

2
9

2
.
4
1
4

.
2
9
9

5
.
1
5
7

5
.
0
0
0
0

.
3
2
8

7
.
5
1
5

6

2
9

6
.
6
6
1

.
7
7
6

6
.
8
6
4

5
.
0
0
1
4

.
6
3
6

8
.
6
6
4

6

2
9

1
.
6
9
0

.
6
2
1

4
.
4
3
7

5
.
0
0
0
0

.
6
2
9

2
.
5
8
7

6

2
9

1
.
6
7
2

.
5
1
7

1
.
2
4
4

5
.
0
0
0
0

.
5
5
6

5
.
4
3
0

6

2
9

5
.
7
1
0

.
7
7
0

2
.
2
6
5

5
.
0
0
0
6

.
7
1
3

3
.
9
8
3

6

2
9

4
.
6
8
1

.
9
1
4

4
.
2
3
4

3
.
0
1
0
0

.
4
7
9

2
.
3
0
1

3

2
9

2
.
6
5
5

.
8
9
1

8
.
0
9
1
*

2
.
0
1
0
0

.
5
5
5

1
.
5
2
8

3

2
9
1
.
3
5
0

2
2
8

5
8
7
.
3
2
7

p
2
8
1
3



and 7. Of course, this agrees. with the "midplateaur.-finding mentioned

before.._ We tote that for the first t oetiles, this model predicts that

the proportion of correct responses will equal go, an' -for thelast,84

octiles, the proportion correct should be g1. After go, gl, and j were

estimated for each of the sets of octile data, the predicted learning

curvee.were plotted. The graphs of the theoretical proportion correct.

per octile are compared with the observed proportions in,Figures,12-43..

Insert Figs. 12-43 about here

.64.ope-interceRt model. It is possible that the plot of the proportion

Correct against the octile number would be more adequately described by a

straight line of non -zero -slope than,by the,pair of horizontal line seg-

(Figures 12_43) which the two-element model requires. Although we

had no fundamental grounds for preferring the slope-intercept model _it is

worthwhile to determine_its fit to the present data. By so doing we.-shall

have something against which to compare the fit of the two-element._model.

The slope and intercept parameters were computed, also by the method of

least squares and the minimum sum of squared deviations was computed for

each of the 54 sets of octile data. As an index of the relative accuracy

of the two-element and slope-intercept models, we may compare-the sum of

squared deviations between predicted and observed frequencies for the two

models. Of the 54 comparisons, the summed squared deviations were lower

for the two-element model than for the slope-intercept model in 47 cases.

Using the normal approximation to the binomial distribution, the hypothesis



that there is no difference between the models in the Slimmed squared

deviations is rejected at the .0001 significance level (z-= 5;38). -,;:Oftithe

54 comparisons between the linear and slope-intercept models, -the summed

squared deviations were lower for the linear model about half the'time.

Linear'medel. The predictions of the linear mcdel were deterMined

for each Of-the sets of octile data. The first step was to estimate qi,

the initial probability of an error, and 9, the learning rte. As with

the the-estimation was performed by minimising the sum,

over octiles, of the squared deviations between the predicted and observed

frequencies of correct response (see equation (4)). Boviever, unlike the

situations for the other'two models, an explicit algebraic solntioin for

q1 and 9 iwterms of the observed quantities was prohibitively difficUlt.

This problem was met by exploring 8 in increments of .0002-from .0000

to .0020 (the range in which over half of the best estimates'of 9 actually

fell), in increments of .0010 to .020, and in increments 'of .010 there-

after. For each of theie values oft), the q1 which produced the leatit sum

of squared deviations was found. Then that single pair tti,g) which

yielded the lowest sum of squared deviations was selected as the estimate_

of ql and A. ,Uting equation (4) the goodness-of-fit was computed for each

set of octile data. These chi- square values play a major role in our eval-

uation and comparison of the two-element and linear models.

Evaluation of two-element and linear models. Table-22 gives the

parameter estimates for the two-element and linear models and the results

of the goodness-of-fit tests. The number of degrees of freedom takes

into account the pooling Of adjacent octiles which was required to'yield



...1.111111

sufficient theoretical observations per cell. ,There appears lobe no--

_consistent relation between go. and gi in the two-element,model., The very

small B values in the linear model express the fact that tbeltmuming,pmo-

ceeded very slowly. The wide inter - subject differences inito and, ei

suggest large individual variatim in initial ability.

With 5 degrees of a X2 of 11.1 is required for significance

at the, .05 level. With 6 degrees of freedom,. thecorresponding,figure is

12.6. Of the 54 )2 values, nine are significant at the 45 level, for

the two-element model, and eleven forthe linear model.. Aecoraling4p:#2is

comparison, the two-element model, is slightly superior, Alvpyerall eval-

uation_of the_models_vas:also,performed in-the following_manner.,1W

each model, the goodness of fit, was determined by summing the X2_- over

all sets_of data in Table 22. The sum was 291.350-for:the tworelement_

model (228 degrees of freedom) and 587.327 for the linear model-(288-degrees

of freedom). The normal approximation yielded z.= 2.808; p

the two-element model, and z = 10.297, p < .0001. for the linear model, ME

. subject Set 4 is omitted from the linear model calculations, X2 =-392.972,

d.f. = 283, z = 4.265, and again p < .0001. Therefore, it may be concluded

that the deviations between either model and the data are-highly signifi-

cant. Owing to the large number of observations included in the analysis,

this fact is not surprising. A more informative measure of the adequacy

of the models consists in comparing the_sum-of.their 'On,this basis,

the two-element model:is clearly 'superior.

Some tentative conclusions. As the results just given indicate, the

overall comparison of the two-element and linear models is favorable to

.-51-
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the two-element model. Also, both of these models fare better than the

simple on:- element conditioning model. The not unexpected superiority of

the two-element model to the one-element model follows from the fact that

isPin the former model was never equal to eight, the value which reduces

to the one-element model. The linear model is more adequate than the one-

element model, since the case equals zero (which reduces to the one-

element model for our pre-learning data) rarely obtained. It is somewhat

surprising that the two-element model turns out to be superior to the

linear-model, for as remarked earlier, the complexity of the auditory stim-

ulus material used in the experiment could easily have led to-results

favoring the linear model. On the other 'handl'the goodness of fit of the

two-element model to the 54 cases of individual data is not close enough

to warrant the drawing of any decisive inferences concerning the number

of aspects or properties of the auditory stimulus material which determine

the response conditioning of subjects. That 'a stimulus sampling model trith

a small number of elements works fairly, well is encouraging. In future

work, we hope to pursue more deeply the identification of those aspects of

the stimulus material that are most important in determing responses, but

we also realize that it is very likely the case that models of greater

formal complexity will be necessary adequately to account for all major

aspects of the data. We certainly do not feel that the present application

of mathematical learning theory to learning in a linguistic context is to

be regarded as other than a tentative first step.

rt52?!
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Figures 12-44 Observed and predicted (two-element model)

proportions correct per octile for the indicated pairs.

Subject number appears in lower right corner.
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Appendix A

Russian Minimal Pairs

1 fa-va 41 se-ze 81 to -da

2 fa-fa 42 se-se 82 ta-ta

3 va-va 43 ze-ze

4 va-fa 44 ze-se 81 :::::
5 zo-vo 45 si-zi 85 to-do
6 fo-fo 46 si-si 86 to-to

7 vo-vo 47 zi-zi 87 do-do

8 vo-fo 48 zi-si 88 do-to

9 fu-vu 49 si-zi 89 to -du

10 fu -fu 50 si-si 90 tu-tu

11 vu-vu 51 zi-zi 91 du-du
12 vu-fu 52 zi-si 92 du-tu

13 sa-za 53 pa-ba 93 to -de

14 sa-sa 54 pa-pa 94 te-te
15 za-za 55 ba-ba 95 de-de

16 za-sa 56 ba-pa 96 de-te

17 so-zo 57 po-bo 97 pi-bi

18 so-so 58 po-po 98 pi -pi

19 zo-zo 59 bo-bo 99 bi-bi
20 zo-so 60 bo-po 100 bi-pi

21 su-zu 61 pu-bu 101 ti-di
22 su-su 62 pu-pu 102 ti-ti

23 zu-zu 63 bu-bu 103 di-di

24 zu-su 64 bu-pu 104 di-ti

25 se-ze 65 pe-be

26 se -se 66 pe -pe

27 ze-ze 67 be-be
28 ze-se 68 be-pe
29 sa-za 69 ka-ga

30 sa-sa 70 ka-ka

31 za-za 71 ga -ga
32 za-sa 72 ga-ka

33 so-zo 73 ko-go

34 so-so 74 ko-ko

35 zo-zo 75 go-go

36 zo-so 76 go-ko

37 su-zu 77 ku-gu

38 su-su 78 ku-ku

39 zu-zu 79 gu-gu

4o zu-su 8o gu-ku
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Pilot Study 1

kji-kji
kji-xji
xji-kji
xji-xji

Appendix B

CV Pairs Used in Pilot Studies

'o -sho ka-ka cha-cha

Ktfo-Vo ka-xa cha-tsa

shuithu xa-ka tsa-cha

shu-igu xa-xa tsa-tsa

Ygu-shu ko-ko chi-chi

sa-sa Vu-Xgu ko-xo chi-tsi

sa-tsa xo-ko tsi-chi

tsa-sa cha-cha xo-xo tsitsi

tsa-tsa cha-tja ku-ku cho-cho

se-se tja-cha ku-xu cho-tso

se-tse tja-tja xu-ku tso-cho

tse-se; chi-chi %/'I-x tso-tso

tse-tse chi -tJi chu-chu

si-si tji-chi sja-sja chu-tsu

si-tsi tji-tji sja-tsa tsu-chu

tsi-si cho-cho tsa-sja tsu-tsu

tsi-tsi cho-tjo tsa-tsa

su-su tjo-cho sje-sje

su-tsu tjo-tjo sje-tse

tsu-su chu-chu tse-sje

tsu-tsu chu-tju tse-tse

tju-chu sji-sji

sha-sha tju-tju sji-tsi

shwa -na tsi-sji
vt,
sou-sha kde-kje tsi-tsi

gga4ga kde-tje sjo-sjo

shi-shi tje-kje sjo-tso

shi-Kgi tje-tje tso-sjo

tgi-shl kji-kji tso-tso

Xgi-rei kji-tji

sho-sho tji-kji
sho -Xo tji-tji

-56-



Appendix B (continued)

Pilot Study 2

Pi-Pi mi-mi tie -tie

Pi-Pii mi-miti tje-tse

Pii-Pi mji-mi tse-tje

pji -pji mji-mji tse-tse

bi-bi ni-ni tja -tja

bi-bji ni-nji tja-tsa

bji-bi nji-ni tsa-tja

bji-bji nji-nji tsa-tsa
tsi-tsi

ti-ti li-li tsi-tji

ti-tji li-Iji tji-tsi

tji-ti lji-li tji-tji

tji-tji lji-lji tjo-tjp,

di-di ri-ri tjo-tso,

di-dji ri-rji tso-tjo

dji-di rji-ri tso-tso

dji-dji rji-rji tju-tju
u-tsu

si-si la-la tsu-tju

si-sji la-lja tsu -tsu

sji-si lja-la

sji-sji lja-aja sje-sje

zi-zi ra-ra . sje-tse

zi-zji ra-rja tse-sje

zji-zi rja-ra tse-tse

zji-zji rja-rja sju-sju
sju-tsu
tsu-sju
tsu-tsu

-57-
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Appendix C

Proportions of Errors in Pilot Studies of Consonant

Phoneme Discrimination

Pilot Study 1

No. of

Contrast Vowel Items p(error)

/10 : xj/ i 4 .14

/8 : ts/ a, e, 1, u 16 .13

/sh : Vg/ a, i, o, u 16 .06

/ch : tj/ a, i o, u 16 .05

/kj : tj/ . e, i 8 .03

/k : x/ a, o, u 12 .02

/sj : ts/ a, e, 10 o 16 .01

/ch : ts/ a.; i, o, u 16 .00



Appendix C (continued)

Pilot Study (Each contrast involved four items)

Contrast Vowel

ls ts/

: xj/

/1 : 1j/

/8 : sj/

/n nj/

/1 : 1j/ a

/sj ts/

/tj ts/

/P : Pi/

/d 1j/

fr rj/ a

jr rj/

/sj ts/

tj/

ft tj/

/m mj/

/tj ts/ a

/tj ts/

/tj ts/

/b bj/

-59-

p(error)

.28

.17

.11

.10

.09

.08

.08

.07

.06

.06

.06

.06

.05

.04

.03

.02

.01

.00

.00



SUb-
ject

1.

2.

3.

4.

5.

6.

7.

8.

9.

lo.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mean
Propor-
tion

,Appendix D

Response Dependency Analysis

1 = error 0 = correct

Qaartile

p(110) p(1I1) p(110) p(111) p(110) p(111) p(1[0) p(111)

.162 .261 .185 .183 .171 .217 .166 .156

.169 .221 .185 .162 .248 .217 .194 .090

.185 .23o .211 .250 .225 .258 .133 .120

.062 .241 .03$ .067 .024 .000 .030 .000

.156 .180 .092 ,086 .076 .069 .047 .056

.109 .182 .051 .000 .033 .000 .016 .000

.217 .217 .168 .115 .119 .167 .077 .206

.109 .163 .060 .000 .042 .063 .011 .000

.129 .104 .100 .190 .106 .122 .056 .087

.119 .130 .053 .095 .055 .047 .035 .133

.090 .162 .112 .116 .116 .152 .056 .091

.058 .045 .038 .067 .041 .000 .033 .077

.250 .314 .320 .261 .276 .290 .221 .152

.140 .196 .142 .237 .146 .145 .093 .059

.178 .233 .186 .150 .172 .113 .076 .036

.163 .190 .098 .154 .066 .080 .027 .000

.223 .286 .217 .154 .228 .190 .156 .194

.168 .209 .138 .182 .152 .183 .073 .000

.247 .292 .273 .299 .288 .356 .261 .275

.157 ,.206 .153 .197 .096 .108 .080 .034

i.155 .203 .141 .148 .134 .139 .092 .088


